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Mail Stop Appeal Brief - Patents 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sir: 

In response to the mailing of the Examiner's Answer on February 26, 2010 (and the updated 
Answer mailed on March 29, 2010), the Applicant now submits a Reply Brief in accordance with 
37 CFR §41.41. The Applicant also concurrently files a Petition witii tiie Dkector of the USPTO 
and tiie Dkector of Patent Technology Center 1700 pursuant to at least one of 37 CFR §§1.182, 
1.183 and/or MPEP §§1002, 1002.02(c) requesting entry of the evidence filed herewith in 
Appendix A into the file wrapper for consideration by the Examiner and the Board. It is believed 
that no additional fees are due. However, the Patent Office is authorized to charge or refund any 
fee deficiency or excess to Deposit Account No. 08-2789. 
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REMARKS 

The Applicant offers the following remarks to respond to the Examiner's Answer and to 
supplement the substance of the Appeal Brief filed on November 30, 2009. The Applicant also 
respectfully submits the evidence attached hereto in Appendix A, pursuant to the concurrently 
filed Petition to the Director of the USPTO and to the Director of Patent Technology Center 
1700, and at the request of the Examiner. 
Recapitulation of Applicant's Original Argument: 

In the Appeal Brief, the Applicant respectfully asserts that clear error has been made by 
the Examiner in rejecting claims 1-9 and 11-20 under 35 U.S.C. §103 as obvious over a 
combination of U.S. Pat. No. 6,737,458 to Woemer et al. in view of U.S. Pat. No. 4,677,141 to 
Cornelius et al. 

The Applicant and the Examiner disagree as to the resolution of the Graham inquiries' - 
(1) the scope and content of the '458 and '141 patents, (2) the differences between these patents 
and the claimed invention, and (3) the level of ordinary skill in the silicone art as it affects (1) 
and (2) from above and the determination of obviousness in this matter. The resolution of the 
Graham inquiries, and the central issue for decision in this Appeal, can be sunmiarized in the 
question of whether the '458 and '141 patents, taken alone or in combination, disclose, teach, or 
suggest the formation of particular "silicone elastomers" without the use of reinforcing fillers as 
recognized and appreciated by those of ordinary skill in the art^'^ If the answer is "no," then the 
'458 and '141 patents are inapplicable and do not render the claims obvious because the claims 
positively recite that the claimed silicone rubber composition is free o/ " reinforcing fillers. 

' KSR Infl V. Teleflex, 550 U.S. 398 (2006); Graham v. John Deere Co., 383 U.S. 1, 17 (1966). 

^ For the sake of simplicity in view of the double negative language, the Applicant respectfully submits that the issue can be restated as whether 
the particular siUcone elastomers of the '458 and '141 patent require the inclusion of reinforcing fillers, as recognized and appreciated by those of 
skill in the art. 

^ "[w]hat matters in the § 103 obviousness determination is whether a person ofordinan skill in the art , having all the teachings of the [prior art] 
references before him, is able to produce the structure defined by the claim" (emphasis added) See Orthopedic Equipment Co. v. United States, 
102 R2d 1005, 1013, 217 USPQ 193, 200 (Fed.Cir. 1983) 
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The Examiner's Answer and Applicant's Reply Thereto: 

The Applicant previously filed a Declaration from an expert in the field of silicone rubber 
development and formulation, along with supplementary attorney arguments, to explain to the 
Examiner why the '458 and '141 patents do not teach each and every element of the claimed 
invention (as related to Graham inquiries (1) and (2)) and why those of skill in the art would not 
combine these references (as related to Graham inquiry (3)). However, the Examiner did not 
then accept, and continues to reject, the assertions made in the Declaration as incorrect and self- 
serving. In fact, in her Answer, the Examiner for the first time requests submission of additional 
evidence to coixoborate the assertions of the Declaration and to properly determine obviousness. 
The Applicant appreciates the Examiner's request and respectfully submits the evidence attached 
hereto in Appendix A. In so doing, the Applicant asserts that the Declaration and evidence 
clearly resolve the Graham inquiries and prove, by well more than a preponderance of the 
evidence, that the claimed invention is non-obvious. 

What is Recognized By Those of Ordinary Skill in Art of Silicone Formulation; 

The Applicant respectfully submits that the Declaration, in conjunction with the eight 
independent references submitted herewith in Appendix A, set forth in great detail that those of 
skill in art of silicone formulation clearly recognize each of the following that correspond to, and 
clearly resolve, the three Graham inquiries: 

(1) that the '458 and '141 patents teach formation of "silicone elastomers" and these 
particular "elastomers" require inclusion of reinforcing fillers; 

(2) that the teachings of the '458 and '141 patents are clearly different from the scope of 
the instant claims because these claims positively recite that the claimed silicone rubber 
composition is free of reinforcing fillers; and 
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(3) that the teachings '458 and '141 patents would not be obviously combined or, even if 
combined, would still form elastomers that require inclusion of reinforcing fillers'*. 

For the ease and convenience of the Examiner and the Board, the Applicant specifically 
characterizes each of the attached eight references based on their source and general applicability 
to this Appeal and highlights particular passages that are most relevant. The Applicant also 
labels the references in the Appendix and annotates each reference to focus the Examiner and the 
Board on the highlighted passages that are most relevant. The Applicant notes that the eight 
references are independent in that they are publications authored without any input from the 
Declarant. The Applicant also notes that the instant claims refer to a "silicone rubber" 
composition. In paragraph [0002] of the specification, the inventors explain that such silicone 
rubbers are often referred to as silicone elastomers. Accordingly, in the following references, the 
terms silicone elastomers and silicone rubbers can generally be interchanged. This 
interchangeability of terms is already a matter of record with the Examiner. 
Reference 1: Chemistry and Technolosv of Silicones^ 

The first reference is widely recognized and appreciated in the silicone arts as a seminal 
reference on silicone technology and development. The author, Walter Noll, is a renowned 
researcher and author. On page 400, the author states that silicone rubbers have simple 
formulations that consist essentially of gum (i.e. silicone), fillers, and curing agents. On page 
401, the author goes on and states that "[t]he mechanical properties of unfilled silicone rubber 
are unsatisfactory . As with other non-crystallizing types of synthetic rubbers, the addition of 
fillers, preferably reinforcing fillers, is necessary to obtain technically useful vulcanizates." 

The Declaration and eight independent references provide overwhelming evidence of the knowledge of those of skill in the art and show, based 
on that evidence, that one of ordinary skill in the siUcone arts would not have been able to arrive at the claimed invention. See, e.g., Perfect Web 
Techs., Inc. v. InfoUSA, Inc., 587 R3d 1324, 92 USPQ2d 1849 (Fed. Cir. 2009) (indicating evidence in support of rationale for non-obviousness 
may be particularly important in cases involving complex technology). 
^ W. Noll, Chemistry and Technology of Silicones, 400-401 (Academic Press, 1968) 
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(emphasis added) This reference clearly supports Declarant Proctor's assertions that those of 
skill in the art fully appreciate and recognize that silicone elastomers (i.e., the silicone gums of 
Noll) require inclusion of reinforcing fillers. 
Reference 2: Handbook of Elastomers^ 

The second reference is also recognized as influential in silicone chemistry. The author 
of the relevant section of this reference (including page 610) is K.E. Polmanteer who was 
associated with Dow Coming at the time this section was drafted. However, this reference was 
drafted without any input from Declarant Proctor. 

On page 610, the author states that "[i]t is necessary to reinforce the siloxane polymers 
used in elastomer applications." (emphasis added) The author goes on to explain how typical 
linear diorganosubstituted polysiloxanes are amorphous and flowable and have little strength and 
that these polysiloxanes must be strengthened using reinforcing fillers. This reference further 
supports Declarant Proctor's assertions that those of skill in the art fully appreciate and recognize 
that silicone elastomers require inclusion of reinforcing fillers and that a polysiloxane without a 
reinforcing filler is more accurately described as a cross-linkable fluid with minimal strength. 
Reference 3: Silicone Elastomers/Rubber - Structure and Properties^ 

This reference is published by Dow Coming Corporation but without the input of 
Declarant Proctor. Nevertheless, this reference clearly indicates that silicone elastomers contain 
(i.e., require) reinforcing fillers. This reference also states that extending fillers (such as non- 
reinforcing fillers) are used to increase bulk and reduce cost. It is clear that this reference 
directly supports Declarant Proctor's assertions that those of skill in the art fully appreciate and 
recognize that silicone elastomers require inclusion of reinforcing fillers. 

A.K. Bhowmick and H.L. Stevens, Handbook of Elastomers, 610 (2 ed.. Marcel Dekker, Inc., 2001). 
' Silicone Elastomers/Rubber -Structure and Properties, Dow Coming Corporation, 

http://www.dowcorning.com/content/discover/discovertoolbox/forms-rubber-structure.aspx (accessed 04/07/2010). 
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Reference 4: Elastomers, Plastics & Composites Fillers^ 

This reference is published by Wacker Chemie, AG, which is a competitor of Dow 
Coming. The Applicant specifically includes this reference to evidence to the Examiner that 
even a large competitor of Dow Coming admits that reinforcing fillers are required in silicone 
elastomers to impart "requisite" mechanical properties. In view of this reference in particular, 
the Examiner cannot appropriately conclude that the Applicant is only citing biased and self- 
authored references. 

Reference 5: New Trends in Silicone Elastomer Technolosy^ 

The author of this reference is an independent researcher that is not associated with Dow 
Corning. On page 26, the author explains that "[w]hen linear version of the above polymers are 
compounded with a reinforcing filler (typically fumed silica), a special type of siloxane known 
as an elastomer is formed." (emphasis added) The language of this reference clearly indicates 
that only upon addition of a reinforcing filler is a typical siloxane converted into an elastomer. 

This reference also asserts that silicone elastomers can be classified into three distinct 
categories: pourable, pumpable, and millable. Notably, the author cites that each category 
includes reinforcing fillers. It follows then that all types of silicone elastomers include 
reinforcing fillers. Thus, this reference makes it even more clear that Declarant Proctor is 
accurate. 

Reference 6: Comparing Liquid and High Consistency Silicone Rubber Elastomers: Which is 
Right for You?^" 

The author of this reference, B. E. Wolf, was a development specialist employed by Dow 

^Elastomers, Plastics & Composites Fillers, Wacker Chemie AG, http://www.wacker.com/cms/en/products- 
markets/plastics/processingaids/fillers/fillers.jsp (accessed 04/07/2010). 

" J. Amarasekera. New Trends in Silicone Elastomer Technology, Rubber World, 26-35, (June 1, 2000). 
B. E. Wolf, Comparing Liquid and High Consistency Silicone Rubber Elastomers: Which is Right for You?, Medical Plastics and Biomaterials 

Magazine, July 1997. 
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Corning when this reference was written. Nevertheless, this reference was written without any 
input from Declarant Proctor. 

On page 2, the author clearly states that "[s]ilicone elastomers are proprietary 
compositions that contain silicone polymers, reinforcing and extending fillers, and cure 
ingredients." (emphasis added) Accordingly, this reference further supports Declarant Proctor's 
assertions that those of skill in the art fully appreciate and recognize that silicone elastomers 
require reinforcing fillers. 
Reference 7: Silicone Elastomers^ ^ 

This reference is also widely recognized as an influential text concerning silicone 
elastomers. The Applicant submits a full page copy of page 5 and a magnified view of the 
relevant top section thereof for ease of review. On the top of page 5, the author explains that 
silicone elastomers are elastic and, in most cases, contain a reinforcing filler. This reference also 
clearly supports Declarant Proctor's assertions. 

Reference 8: Carbon Nanotubes: Exceptional Reinforcing Fillers for Silicone Rubbers'^ 

The authors of this reference are independent researchers that are not associated with 
Dow Coming. On page 1 12, these researchers indicate that PDMS (i.e., polydimethylsiloxane) 
requires , in most applications, reinforcement by fillers to improve its mechanical properties 
which are weak in the unfilled state. Thus, this reference even further supports Declarant 
Proctor's assertions. 

Application of the Teachings of the References: 

The Applicant fully appreciates that References 7 and 8 use strong, but not absolute 
language, (e.g. "in most cases" and "in most applications") when referring to inclusion of the 

" p. Jerschow, Silicone Elastomers, 5 (Rapra Reports, Report 137, Vol. 12, No. 5, 2001). 

L. Bokobza and M. Rahmani, Carbon Nanotubes: Exceptional Reinforcing Fillers for Silicone Rubbers, Raw Materials and Applications, KGK 
Marz 112-117(2009). 
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reinforcing fillers in silicone elastomers. However, as the Examiner and the Board are well 
aware, the general evidentiary standard for proceedings before the Office is a preponderance of 
the evidence}^ Importantly, this standard is not based on any sort of absolute standard or even 
on a clear and convincing standard. The "preponderance" standard is simply based on whether 
something is more likely than not. For this reason, in view of the eight independent references 
described above, and once again in view of the previously filed Declaration, the Applicant 
respectfully submits that more than enough evidence has been provided to satisfy the Examiner 
and the Board, by a preponderance of evidence , that the Declarant's statements are accurate, that 
the Declaration is valid, and that the claims are non-obvious. More specifically, the evidence 
makes it very clear that reinforcing fillers must be included in sihcone elastomers or, at a 
minimum, that it is more likely than not^^ that those of skill in the art recognize that "silicone 
elastomers" include reinforcing fillers. As such, the evidence also makes its very clear that the 
references cited by the Examiner are inapplicable to the claimed invention because these 
references require inclusion of reinforcing fillers in silicone elastomers and the invention, as 
claimed, is free of such fillers. 

How Can the Instant Silicone Rubber Composition Be Free of Reinforcing Fillers? 

The Applicant anticipates that, in view of the references cited above, the Examiner and/or 
the Board may ask how, if silicone elastomers require inclusion of reinforcing fillers, the 
Applicant is able to form and claim a silicone rubber composition that is free of those same 
fillers. The Applicant respectfully directs the Examiner and the Board to review the Declaration 
for a detailed discussion of this question. However, in short, silicone elastomers are known in 
the art to have certain properties, which is why they require the inclusion of reinforcing fillers. 

See Ethicon, Inc. v. Quigg, 849 R2d 1422, 1427 (Fed. Cir. 1988); See also Ex Parte Jella (Appeal 2008-1619) 
" The Applicant further submits that the evidence is of such strength and quaUty that it would even withstand higher evidential scrutiny 
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The inventors surprisingly discovered that treated kaolin, which is classified as a "semi- 
reinforcing filler," allows for formation of a silicone rubber composition that has similar physical 
properties and mechanical strength as a reinforced silicone rubber (i.e., a silicone rubber which 
uses the more expensive reinforcing fillers) but with less cost and greater ease of use. In other 
words, the inventors surprisingly discovered a new, more efficient, less expensive, and more 
easily formed silicone rubber through the use of the treated kaolin as opposed to use of 
traditional and expensive reinforcing fillers such as those used in the art. 
Combined Teachings of Woerner and Cornelius Require Reinforcing Fillers: 

In addition to the statements above, and purely for the sake of argument, the Applicant 
emphasizes to the Examiner and the Board that even if is determined that the '458 patent does 
not require inclusion reinforcing fillers, the combined teachings of the '458 and '141 patents still 
do. The Examiner herself agrees that the teachings of the '141 patent require the inclusion of 
reinforcing fillers to form useable silicone elastomers. In view of this requirement, the Examiner 
cannot simply choose to ignore the use of these fillers when combining the teachings of the '458 
and '141 patents. In other words, the Examiner cannot simply "pick and choose" the elements 
from the '141 patent that fit into an obviousness argument but ignore the use of reinforcing 
fillers. 

In support of this position, the Applicant submits that even if the teachings of the '458 
and '141 patents conflict relative to the required inclusion of reinforcing fillers, the Examiner 
must weigh the power of each reference to suggest solutions to one of ordinary skill in the art , 
considering the degree to which one reference might accurately discredit another (emphasis 
added). Relative to this particular combination of references, the Applicant refers back to the 
'141 patent itself, the Declaration, and the eight independent references, which all 

See MPEP §2143.01; See also In re Young, 927 R2d 588, 18 USPQ2d 1089 (Fed. Cir. 1991) 
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overwhelmingly suggest that inclusion of reinforcing fillers is required to form silicone 
elastomers. In other words, all of the references and evidence clearly suggest, by more than a 
preponderance of evidence, that reinforcing fillers are required to form silicone elastomers. 
Thus, even if there is disagreement as to the teachings of the '458 patent, the Examiner cannot 
appropriately ignore the ten different independent points of view from those of skill in the art^^ 
and conclude that it still would somehow be obvious to combine the teachings of the '458 and 
'141 patents to form a silicone elastomer without reinforcing fillers. This combination of 
references, and resultant silicone elastomers, simply would not be made by those of skill in the 
art, whether obviously or otherwise. These ten references clearly outweigh any contrary 
suggestion in the '458 patent relative to the required inclusion of reinforcing fillers. 
Lack of Valid Reasoning/Rationale for Rejecting the Declaration; 

Simply for completeness of the file wrapper and the Appeal record, the Applicant also 
notes that, in her Answer, the Examiner does not directly rebut the assertions of the Declarant 
that the terminology "silicone elastomer" has a specific meaning understood by those of skill in 
the silicone arts and that this meaning is critical to interpreting the teachings of the '458 patent. 

Instead, the Examiner makes many different arguments regarding the Declarant and his 
statements being "self serving," "biased," and "inconsistent," regarding secondary portions of the 
Declaration, such as the Declarant's explanation of surface treatment in the '458 patent, etc. 
Each of these ancillary arguments distracts attention from the central issue - Whether those of 
ordinary skill in the art (such as the Declarant) recognize that the terminology "silicone 
elastomer" has a specific meaning understood by those of skill in the silicone arts. None of the 
Examiner's arguments address this specific issue. Each of her arguments addresses some other 

Referencing the ' 141 patent itself, the Declaration, and the eight independent references 
" See paragraph 4 on page 2 of the Declaration; See also page 5 of the Declaration 
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point of contention and thus are not sufficient to reject the Declarant's statements and primary 

assertion. 

Requirements for Rejecting Declarations: 

As the Examiner and the Board are well aware, when evidence of non-obviousness is 
presented, such as in a Declaration or even in the evidence submitted herewith in Appendix A, it 
is the duty of the Office to consider all evidence anew/^ This evidence of non-obviousness is 
also entitled to more or less weight depending on its nature and its relationship with the merits of 
the invention/^ It follows then, that when disagreeing with an expert Declarant, i.e., one of skill 
in the art, the Examiner should provide substantial reasoning why her interpretation of the art 
outweighs any opinions and interpretations of the expert. It also follows that the Examiner 
should set forth specific findings directed to the content of, and weight to be afforded, the 
proffered evidence. 

In this case, the Examiner herself clearly states that she dismisses the Declaration because 
the Declarant is the inventor (i.e., is "self-serving") who makes assertions of fact that contradict 
the teachings of the '454 patent. In so doing, the Examiner asserts that she interprets the '454 
patent differently than the Declarant and that this difference amounts to inconsistency and 
inaccuracy which results in the dismissal of the Declaration. The Examiner also asserts that the 
opinions of the expert Declarant are simply insufficient in view of her own interpretation of the 
art and that additional supporting evidence is required. 

The Applicant respectfully submits that this reasoning is entirely insufficient because the 
Examiner did not set forth specific findings or give any particular weight to the proffered expert 
evidence. The Applicant also respectfully submits that if the Examiner is openly and 

See In re Eli Lilly and Co., 902 F.2d 943 (Fed. Cir. 1990); See also Ex Parte Jelk (Appeal 2008-1619) 
" See Stratoflex Inc. v. Aeroquip Corp., 713 R2d 1530 (Fed. Cir. 1983); See also Ex Parte Jella (Appeal 2008-1619) 
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unequivocally rejecting the expert testimony of what is known by those of skill in the art, she 
should point to some extrinsic reasoning or evidence, wholly independent from her own opinion 
or interpretation of the art. This is especially true when, as in the instant case, the Declarant is 
testifying to what those of skill in the art recognize and appreciate. Testifying to this type of 
knowledge and appreciation is quite different than asserting a hard fact, e.g. a mathematical or 
scientific proof. Said differently, when the Examiner and an expert disagree as to the knowledge 
and what is appreciated by those in the art, the Examiner's mere opinion is not sufficient to 
dismiss a Declaration and reject the claims as obvious. It cannot be appropriately suggested that 
an Examiner's disagreement with an expert regarding knowledge of those of skill in art, based 
solely on the Examiner's own interpretation of the art, and without extrinsic evidence, is 
conclusive of whether a Declaration is valid and a Declarant is to be believed. Quite simply, the 
Examiner's opinion, by itself, is not sufficient to flatly reject the expert testimony one of skill in 
the art regarding what is generally known in the art. 
Conclusion; 

In view of the above, the Applicant respectfully submits that all pending claims are novel 
and non-obvious and should be allowed. While it is believed that no further fees are presently due, 
the Commissioner is authorized to charge the Deposit Account No. 08-2789, in the name of 
Howard & Howard Attorneys PLLC for any fees or credit the account for any overpayment. 

Respectfully submitted, 

HOWARD & HOWARD ATTORNEYS PLLC 

Date: April 26. 2010 /David M. LaPrairie/ 

David M. LaPrairie, Registration No. 46,295 

Howard and Howard Attorneys PLLC 
450 West Fourth Street 
Royal Oak, Michigan 48067 
(248) 723-0442 
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Additional Evidence For Review by the Examiner 



Reference 1: Chemistry and Technolo2y of Silicones 

W. Noll, Chemistry and Technology of Silicones, 400-401 (Academic Press, 1968) 

Reference 2: Handbook of Elastomers 

A.K. Bhowmick and H.L, Stevens, Handbook of Elastomers, 610 (2 ed., Marcel Dekker, Inc 
2001) 



Reference 3: Silicone Elastomers/Rubber - Structure and Properties 

Silicone Elastomers/Rubber - Structure and Properties, Dow Coming Corporation, 

http://www.dowcorning.com/content/discover/discovertoolbox/fonns-rubber-structure.aspx 

(accessed 04/07/2010) 



Reference 4: Elastomers, Plastics & Composites Fillers 

Elastomers, Plastics & Composites Fillers, Wacker Chemie AG, 
http://www.wacker.coni/cms/en/products-markets/plastics/processingaids/fillers/fillers.jsp 
(accessed 04/07/2010) 



Reference 5: New Trends in Silicone Elastomer Technolosv 

J. Amarasekera, New Trends in Silicone Elastomer Technology, Rubber World, 26-35, (June 1 
2000) 



Reference 6: Comvarins Liquid and Hish Consistency Silicone Rubber 
Elastomers: Which is Risht for You? 

B. E. Wolf, Comparing Liquid and High Consistency Silicone Rubber Elastomers: Which is 
Right for You?, Medical Plastics and Biomaterials Magazine, July 1997 

Reference 7: Silicone Elastomers 

P. Jerschow, Silicone Elastomers, 5 (Rapra Reports, Report 137, Vol. 12, No. 5, 2001) 

Reference 8: Carbon Nanotubes: Exceptional Reinforcine Fillers for Silicone 
Rubbers 

L. Bokobza and M. Rahmani, Carbon Nanotubes: Exceptional Reinforcing Fillers for Silicone 
Rubbers, Raw Materials and Applications, KGK MSrz 112-117 (2009) 
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Wacker Chemie AG - Fillers 



www.wacker.com 



ELASTOMERS, PLASTICS & COMPOSITES 
FILLERS 



HDK® as a Reinforcing Filler 

'The reinforcing filler HDK® imparts the requisite mechanical properties to natural 
and synthetic rubbers and silicone elastomers. Hydrophobic HDK® grades can be 
used to produce combinations of high filler loading or tear strength with good 
^processability. 

Tailored Elasticity 

For optimum results, the fillers used in natural and synthetic rubber and silicone 
elastomers must meet specifications. That is the only way to achieve products with 
precisely defined mechanical properties, such as tensile strength, elongation at 
break and tear strength (notch impact strength/Shore hardness). The reinforcing 
filler HDK® is a preferred auxiliary for achieving the desired system property. 

Optimum Reinforcement 

HDK® owes its outstanding reinforcing effect to its high specific surface area. The 
numerous interactions between the polymer chains of the elastomer network and 
the special particle structure of HDk® dissipates mechanical stresses and forces 
within the elastomer network - and so restricts the entropy space for polymer 
chains. This process increases the elastomers' strength, elongation at break and 
load-bearing capacity. 

High Sag Resistance 

HDK® may be added to nonpolar silicone rubber to act both as reinforcing filler and 
rheological additive. The marked thickening action of hydrophilic HDK® provides 
the requisite degree of sag resistance, with the result that low-viscosity systems do 
not riin down vertical surfaces. 

Good Processability 

In silicone elastomers, hydrophilic HDK® provides a high reinforcing effect - but at 
the same time results in a high viscosity, thereby limiting processability. One 
solution here is to use processing auxiliaries and low-molecular plasticizers. They 
block the interaction between the HDK® particles by adsorption and thus lower the 
viscosity. The system benefits from smooth running and perfect processing. 

Your selection resulted in 9 product recommendations. 



Products 


Application 


Product 
Group 


Product 
Type 


Effect 


BET surface 


HDK®H15 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


130-170 
m2/g 


HDK® H20 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


170-230 
m2/g 


HDK® 


Reinforcement of mechanical 


Pyrogenic 


Hydrophobic 


Reinforcement 


170-230 
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H2000 properties Silica m2/g 



HDK® H30 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


270- 
m2/g 


330 


HDK® N20 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


170- 
m2/g 


230 


HDK®T30 


Reinforcement of mechanical 

properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


270- 

m2/g 


330 


HDK®T40 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


360- 
m2/g 


440 


HDK® VI 5 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


130- 
m2/g 


170 


HDK®V15P 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


130- 
m2/g 


170 
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Silicones have been inti,'reiiiiig material-; since Kipping 
developed a convenient method of producing organosilanes 
in 1904 (ref. 1). SiliconevS. or poJyorganosiiuxanes, possess a 
variety of material fualurcs nol available in any other singu- 
liir polymer family, due to their flexible, inert backbone con- 
sisting of alteraating silicon and oxygen atoms: Table 1 lists 
tliisp%steal and chemisal properties of v«MJuSjp%»F*ys:- 

The free- rotation oJ" die silicon :ind oxygen atoms resnlts 
in an fextremely high degree of flexiWlity under hitrsh envi- 
rpnnietitai esopditions. The Si-0 bond (at 369.3KJ/mol) is 
T than a typical C-C bond (347 .y KJ/moJ), and looser 
i. 2). Tills eoinbinatifen'tof 
ox-jme polymers a natural 
' deflecting or wKerev'er ki 



om, as table 2 
:r can be inl'lu- 



(1.64 Angslrc 

lirasEifthiand ricxibiluj make s 
claaiCft fer sealing, damponing. 
elastcHneric material is reqiured. 

By varj'ing the substituents on the silicon 
indicates, the propertiiss of the resulting polyi 
enced significantly. 

Depending on die propeviics desired, a siloxane material 
could be dcksigned by using pblymcrf containing any of the 
alSove .TObstituerits attaciu'd. An ■.■xaniji'f ■if'this woiild be the 
us© of fluoro-substituti'd ^ill)^^Jne pulyni>'r.s in .!i>prK;aru)iis. 
which CQUSt vvjdistaaij e\po:.uiu lu soKcnis und conosive 
oils. If extreme low t^niivramrc a'Msiancj vei\.' needed, die 
sildxanejitaterMtlwoald have some phen\I substiuued silox- 
met iJolymsrs in place of or in .-iridition to polydimethyl oi- 
poiynielhyl vinyl siloxane. 



mea m&at viSiestous bf ltoe-?toeSve p(rfyx«Ssfles'<j^Tip0iMjd«d 
with a reinforcing filler (typically ftiined silica-)i a special 
type of .siioxane knowi! as an elastomer is formed. Silicone 
elastomers are flexible materials possessing a large amount 
of internal {^lysical ^ngtji when compaiied to olhsr silcK- 
<ine ptuiucts sucii^as pisssore sensitives >a#iedve$, ^ps cr 
other gystcrtis. f abte''3 lilustrm the vaCriety jn the pmmt 
;line;: 

Siloxanc elastonuas can, be classified iito tteBaiiMrtci 
categorifo b&s&i on processing: pourable, pifflpabte and Jiul- 

lable. The end applicauou will determine llie- type of elas- 
tonicT r.i.\;ili.U li\ taking into account the material reLjiiiic- 
niL-nis .!!,(.! ilic pi. Le-,-.ing parameters. Only- by coupling ihc 
correct processing 'i'i.ith the correct material properties will a 
Li.'-eful elastomcric .system bj obtainei.:. 

I'oxirable cktsloniers .uv made with lnw inoleciilai' weight 
siloxmic polymers ( 1 0,000- ! 00,000 g/moll. low amoums^of 
remlorcmg fillei paits, and additional iddms.t , Ssncc 
the polymer molecular ^weights are that ol a lluid and the 
loading uf the filler is modest, it is neccssjrN to adti cros;,- 



SL'CSi.:jr--i! ^10 ,0 Imodrled quality 

Gl l_. {':-ei'^j'i General purpose: 

CfijHg (phenyl) Extreme low and higli temper- ^ 

alure resistance 

■]ph||=i;Hg (vinyl) Nelwo'rk control, high ourom 

H|,. . ' eter, strengiR- 

-GHo'CF;, (flijc'o) I- ici anc so.vp'H roc n. j 







Table 1 - 


f -rc.ee- « 










S.llCO:iC 


PTFE 


SBR , 
rufcbe' 


Butyl 
■uL De- 


Gl! trt.S.jd 

L.bLar 


PVC 


Polyethylene 


temp , {'O 


--10 to 200 


2.50 




no 


75 


60 to 105 


75 ■ 


rating 
















v.'nlcr 




0 8 






3.9 


1.4 


o.oa 


absorption" 
















mg/cm^ 
















Resistance 


30,000 


oo.ooa 




3C,J00 


21,f.j0 


JJ.COO 


50,000 


M Ohm 














Tensile, fvlPa 




13 73 




5 52 


8.27 


10 34 


10.34 


'Eiongatiop., % 








■400 




200 


•-100 


Heat r.Qe 


txco.'loi : 


uxcoilcjnl 


Fails 


Fails 


l-i;r|s 


Fails 


Malts- 


-. b days 
















a 200 c 
















.Pold'ti^i-.tj 


Pass • 


Pass 




Pass 




Fail 


PdS^ 












i "i Ud' 
















Vorv fjcuo 




Chcmin-I 


Co.,- 


Fxcollont 




rnir 


Poo-- 


\'pr', ooia 


Vcr,'Gv).)'j 


(esistance 
















P'ocobsing 


Good 


Poo- 


Good 


Good 


Good 


Very good 





RUBBER WORLD 



■..i voritiussiloxai. J ■ 



Siloxans lype Duio. Tensile (Mpa) Elongation Density 

Heat cured rubber 45 4.8-7.4 tOO^OO 1,'l80' 

Resin/glass laminate n.a. 200-?.40 2 990 
One part silicone 



510 



1.067 



linkers and other ftincui^iKil sjiecies to iiitrea^^e the phssical 
stxength of these materinl.^. rhe.sj cUistomer.s urt- cured via 
either a condefisiiuioii cv iidJition reaction, depending on tlie 
formulation and eataiy.Nr sysiem tii-ocl. Tlie pourahlu elas- 
MMJieif; are usual)}' sold a.s tw o pan. .sv-sienis in a variety of 
ratios. In iiny ca.se. the nii.xiures of st;vrttng components are 
siteh tiat tlie prc-cined material has a viscosity in the range 
of J0Q-U00O.{X)0 mm-h @ 25X\ which is paurablc (tcf. 3). 
Pourable .siloxanc eia,sn}iner.s are tvpicalK applied as a mold 
in place material, or poured into a mold using low [iresMires. 
Once mixed and prior to molding-, the nuttcrial.s need to be 
dc-aired to remove any entrapped giuscs. fronj mixing. 

Jr.dependeni of ilie meeiiunism, these materials are <;iircd 
tlicn.naliy ai inotleiaie tenipera.iurts.l?TVs,ttFtoto tenipera- 
lure-N uleani/ed i Libbers, undergo curing at room temperature. 

iViilJable elasion^b are composed of very high liiolecular 
vvcigln organosilo.sanes. and large amounts of reinforcing 
ril1er ['300.000-gon.00n g,'mol. and >2{1 parts of filler, rcspee- 
lively). The polymers used in ihLs type of e M;<if:n:i'r au' linear 
in nature, and the cross) in king is, typieally aeeiiiiipli-;l-,e(l 
through functional organic groups attached to the silicon 
atoms 'oh tJie polytner backbone. Caiiilysts in these products 
are eithtjr peroxides or transition metals, depeading ou the 
fonnulauon and end use of the product. The compounds are 
pK'ces.seJ via milling ilic uncata^yvcd rubber with the catalyst 
bf choice, followed by subsequent compression molding or 
injection molding. Due to the high green strength of the gura- 
imed, system, exu-usion ij> also a possible manufacturing 



An aitemativ© to mfllable and pourable sytrtems fs Ihe 
ptttnpjitfe Mtexaaes, ammiQiily eaBetf ti%ittcl sfflicone-rats- 
tnqfttd injeeti^on cneadiog jsitodti« «J^tcaueji> were 
#vetoffcd at General Electric Silicones in 1975 to fili the 
f^liM: at) easOy proaessSble «ilteniativ& to jnilkble. high 
e0&mdy rabbfef {tefi4), liquid Injectibh molded silicone 
elastomers are made froin moderate \ i,scosity siloxanc poly- 
mers compcsundej v\iih reinforcing filler, eru.s.slinker and a 
curM->g cataly."-'. The eurin^ .sj-.tc!n of choice in a liquid injec- 
tif)i) li.uldiiig pioce^s Is based on plaiiuuui L.italyzed hydroSi- 
Jylatiun (ref, 5i, Thi^ type of gataly)>is has several inhweni 
l-ienefiii jncludina very quick cycle timet., thick and thin sesc- 
tion cure and no reaction by-products. 

High prodwcti-vity is the ballmork-of a liquid injection 
tnokjitiig sjfStSEtm, .and short cycle limes are critical to a pro- 
ductj\'e system. Typical cycle tinie.s for a liquid injcclion 
tftoMesf eiastemefr system are on the order of tens ol' second.s, 
j»C!fptedt»4ntouie.s for inaay dfliia etetaiwer 
cum rate is deienmned by riJfSJtiiiag the t^que as A; Intactioin 
of time on a modulating disk rhepja.ieier, Tyjjical loa]ue/time 
curves; are tjiken at 120«C and tt7«t; and'ae shown in fig- 
ure 1. 

The T{)2 is lime to,29i a,n:e ,^d..this, cspi;essenls. tlie injec- 



tion window of ilie material. In ttjlalogotis fashicm, the 
TS&.istheiiuie to 90% of ttie total curing of ibe material. 

this reiftesents complete cure of the snmplo. The 
max torque a measure of tlie hardness of the niaterial, 
and the peak rate tells how fast the curing ifi eompler^ 
once the process begins. Ilie addition cure reaction Is 
utilized in a liquid injecuon molding sy.'ncm due to the 
ability of the ela.stanier to siiniihancously undergo both 
thick .and ihm seciiou curing. Whereas a condensation 
process must remove the by-product to drive the reaction to 
completion, there is no small molecule evolution in an addi- 
tion cure reaction. Therefore, as lon<! as sufficient tliennal 
energy is Uansleircd to the hulk of the material, it will cureiis 
quickly as the >urface. This enables consisrtenl curing in a 
pan Willi unequal wall tliickness. 

The addition reuciion is similar to metal tataJyzfid con- 
densation in that the catalyst species stays pi'eseni in the 
material after the curing ha.s taken place. Tliis differs with a 
radical or peroxide catalyzed system whcie the catalyst is 
destroyed during the moldhtg process. !r, tlie condensation 
process, however, the remaining ciitalysi can take M2O from 
the atmosphere and re-equilibratc die cured polymer net- 
work. Tiiis process is known as lever-ion and can affect the 
functional life of the elastomer. TIic platinum remaining in an 
addition cure n)atrix does not catalyze die i-evcrsion, because 
ihca^ are no unsaturated groups with which to associate, and 
therefore no active site can be gmsfW^ (»f. ^, Fi^re 2 
li'iMraies pla-.inum siityl mieraction and the subsequent reae- 
tion to form an cihane linkage. 

The generation of the active site via a platsmm/ansaturat- 
ed carbon interaction is cditiaai t& the ntsedtanisra -uf hy4n?si- 
lylatioo-trelL 6j. 

■S^h^sn cppip^ed to a millablc silicone rubber, a liquid 
iiijiiticw jEteJlde^-sdlieto elastomer has some inherent bene- 
Ms whfcH laitd ta tecr&asfed produiciivity and lower the per 
pari cosu The benefits of a liquid injection molded silicone 
elustt)mcf sy stem are illustrated in ta)6ie 4, 

Deijending on tlie pait to be mtilded, liie number of parts 
and the cajiital required, a liquid injeaion molded silicone 
elastomer sy&tcin may be econumically fawiiahle. it is rec- 
ou'mended ihai a ■.leiaile.l i.osi analys's is I'eif.iiiiie 1 on it e 




3 



^'Monsanto MDR2G00E 



K'.s.x toiqiio (N'r;i) 



JUNE 2000 



27 



CH3 CH, Q ft CH, 
-~0,,-Si-0-Si-CH=(^7H)& Si O- 



▼ 



CH, CH, ^ CH, 

~~0,„- Si-0-Si -CH;-CH, - Si-O-Si-O — 
CH, CH, CH, CH. 



paring it to a rtitllable rubber system. TableiS autliries a, 
niulbod I'lM dctemiinmg the due coM of a part. Although 4t is 

iioi as deiailed as an actual analysis, TtkiiMiss^'SllaltMk.the- 
iicccNsit^ of c()iisidcring all of die costs in a jff©C5eKbig;«y#' 
tcm, ail J not just ihai of the matcdal. 



The liquid injection molded silicone elastomer samples were 
prebi. cured al llVC for 15 minutes and coaled 10 room tem- 
pcniinre prior to testing the leiisib, elongation, tear, durunte- 
tcr and modulus. Tensile .strengtii. die-B tear strength, 'i^ 
elongation and 100% modulus w.-re lesit-d mi a \'LJl1^:lnltl 
TeniOnuSer 10. .at a rate Of 50.N ci'i/Nmu te i.nnl t nliuv;. The 
dimimeter w,as nieasared on an [•.xut. ta 1-Iardne.ss 1 esier b\' 
Naw.^ge using a Shore A srv'lus on press cureti sheets. The 
application rate is a measui^ of the tlowability of the material 
and was detemaned bj* extruding the material through a 3.17 
imn orifice at 0,62 MPa-Wsl recojjJtjjg amouni in grtiins 
per minute. TJfe &mm& of>lhe r«ate*tals. flras measuied 
using a MoiSJiitt® UDR 200(E «t ITJ^C Iti^ compression 
set w«s uKWied by <!i©ropr6Ki% L27-tBai4il{^.of roaisridl, 
which were cmMfor 30 ndntJltes at VTC, 6 73% df their 
original height in an ait cifculating oven at XlfC for 22 
hours. Tlic samples were allowed to cnol at ambient condi- 



*ft|»fi^Ictl©rttnoWea vs. teat mrei ®^ 
silicone eb'tomers 



Heat cured silicones 
One component 
Many procassing steps 
« milling 

• preforming 
.•molding 

• trimming 

High molding pressures 

(34.47-137.89 Mpa), 
Long cycle timoc (>120s) 
Labor intensivs process 



Liquid injection molded milcones 
Twoccmpo.nept 
One processing step 
No secondary' operations 

• no post-baking 

• no dellasMng 

• no catalyst quenching 
Molding pressures 

(10i34'-34.47Mpa) 
Short cycle times.i( iQ--tOs) 
Automated "process _ 

•consistent pumping 
, consistent p^jre, 
- one to orte'A/B mix 

• automatic mixing {^atic 
fnixer) 

• 'computer-co a\ t olled'cycle' 

« ai£omatigda'nTOldinp_^ ^^1 



formed on lap shear specimens of the desired subsii-ate using 
a 1.27 cm x J .27 cm feveriap wah'»3.17 mm iMc^t section of 
Uqfuid injection moMed'Esilte!^ #^»ae*,«s an aiffiresive. 
The samples were ctireal in an m eirewJaiing ov«a for 30 
minutes at l.'iO*'C', and allowed ta,j:opl l<;> jpoai teiiiperature 
prior to testing to fanore^n ^^ " 



liesalts and dlscimiom 

Stcuidani IJM materials 

Liquid injection molded silicone e]a.stomcrs were developed 
as a processing alternative to millable and pourabic siloxane 
elastomers. Since lite time liquid ijijection molded silicone 
elastomers were invented in 1975, the materials have become 
stronger, easier te produce, and h.:\c be^u developed to 
Wi^U9,|Ml6pertics dopendeiH on the target '8|iglio^ 
lion. 'It is possible to imte the mdiisUiai .iccpumce in Rqtrid. 
injection molded silicone cLisiomc-s bv lookini: at ilie matci- 
ilrf'intprdwthetl'tsinadc over the past 2-1 ycais. Liquid injec- 
tion moWed silieoae was originally used for small parts 
uirder moderate conditions. E.xamples of such include o- 
rings. small giommets. ^mall gaskets, etc. The first liquid 
injeeiion molded silicone elastomers were opaque, addition 
cure materials with high tear strength when compared to 
standard RTV (pourable) systems. They had inherentsalmit 
and abrasion resistance tmd were cured via ;ui addition cine 
process in les;s than two minutes at 177"^.'. 

;s of ih& initial liquid inj.'c- 




Litiuiri inisc'.ion moldod pilicones r 


ost analysis 




: . Liquid injeetion 


HQB 


Pan 1 


molded 




;-Gycie time(s) 


30 


330 


Cyclef/'dav 


2,640 


23S 


Yield (%) 


98 


95 


1, Number ot cavities 


24 : 


40 


: Mafer/ais 






Price/pound (S) 


4.85 




Mass/p^rt(g) 


'0 


10 


Total material cost (5) 


ioa.9/b 


57.987 


Labor 






Cost/hour($) 


20 


20 


Hours.'day 


22 


22 


Total labor cost 


7,086 


d 8,733 


Secondary operations 






Inspection cost (3) 


'40Q0 


20,000 


Deflashing cost (S) 


0 


30,0C0 


Total ssconoary ops. [5) 


5 0Q0 


50,000 


Part 2 






Total niateriaf cost {$) 


108.975 


37,9a7 


Total labor cost ($) 


7,086 


5 8.733 


Total seconcai-v ops cost (i . 


S.'XX 


r.3 CJO 


Total prtJductlon cjosts ($) 


121,061' 




Tot.=il -cqt pror*. uiace t::ays) 


-16,1 


-1J 8 


N'unbsrc macrires ni?^=ded 






:ot jou complo'ion in IG 1 




7 


Lie Jic! injection iroici^jig^'^' 


j^. I-Ct c.cr-[ ■■n . y.- 


I.OOU.OOOpprls' y--; f ■ ''T 







< ' o - results of adhesion te$t$ on vario js 
. I'.. K<y.i»hscif-bundingtiquic<inieciioM 
mt Id id tilt-sf.jtsTii- 



tict moiSfe"d.j^;tO'l1ie pmdd weiv sufficient enough fo gain 
■tE^gMft^-teir-iHtecrtictlon, and the material is still in 
ViSi^M&^,-Thims^>Ss^ however, sottie drawbacks with this 
ittateriat It m^m eleaf, had n ralhw Mgh specific gim'ity, 
and the cure, rate ofthe mpterM-vvipps ^|u\os.t,t\vQ xiniiivnes. 
This cum cycKIs too Icmg^to 1^ fidf in^mtage «rfte»pit)- 
dvcitvTty, -vMet fi liquJa iiy^liOin moWMgsystetflHias to 

Tte next implement in liquid silicone elastomer chem- 
istrs' was the introduclioa of a ckar, fast curing product Ifne. 
The materiiii hadtlie physical strength of the, original liquid 
injection moWed,«l^:pes.seBBss bflf-ws^ <^fiftH|' ^ac, 
had a low specific gravity, anJ cured in <^0 secpiids at 

]77-r. 

Til!'- scries has AhiikI tises in applicutiuiih langing from 
medicil in eiecironics to consumer goods, und represents tlie 
liquid injection molded silicone olasiotncr.s with llie highest 
plijsieal strengths, the taste#t aire- rates snd the lowest spe- 
cific giavity. There «re stjtne afflitetiotis which this line 
does, not filL, iiKJludi^ mm lybms low compression iet h 
uepdeA where self-bofldiog is leftuired or whete the eaid use 
wqujtfes *ie m&Kss^ to Rave-8 «>rtfetlef ftaeeHeflection. 



Controlled foicc doneciiun, piiincrleii.s d 




Fp Peak force -.Fmax) 
Fq Contact force 
Ff^ Actual contact force 
Fr MIn. return force (Fmin)' 
Fy Max return force 
Fd Drop force (Fq = Fp-Fc), 
F3 Gap force (Fq = Fp-F^) 



Lower the gap force {FG) 
I . -I is trnkfi and higrier the life cycle is 
•'sorsa^f 'o^Ti) better. 

Fp(N) Fp-Fm(N) Ufe cycle 
Gap force 

LIMS745 0.r339 0.078 20niiliori 

LIM 0745 O.'jm 50 million 




Alpha is the coinact angle 

The lower the contact 
angle, ttie nore con-plfjlc 
thfe wetting 




SubstratQ 
AB3 

Alum.num 

Polyamidg (i/n*«led); * - 

;j?,0lycaib9i3ale(M.ntneaJ^4 1 
Pclycnrsonate (UV'ti^i'sted) 
Pclyphthaic n^itio 
Polyprrypyiepe 
PPO n ylo- 
-PPO,PS 



txcollent 
Poor 
IZxcb 
Goort 



compression set as molded are three ke\ technology fearures 
v\1iich the new gen.enitioii of rk)uid injeciioii molded silicone 
elastomers must have. Advances have been made in all ofthe 
above areas, and the resulting new materiali. am be used in 
applications wliere previous li<juid siJicene rujjbers.peE- 
formed insiteeicntly. 



'jnijfe need for aiveljtst&HBr that exhibits coiin-ollc;! dc ilcction 
has been identined. This propaty is useful ir. nvcdical sys- 
tems where the elastomer i.s tistfd as a spi ing m a pumjjuig 
system, or in tlie electi^ojjies industry when- a kc>pad rctiuires 
a coiuiolled force to work effectively. A scries of liquid 
injection molded silicone elasUmiers having a cotitrtlled 
I'oKc doilectioa has been developed ofleiing a wide-^nige'df 
physical properties and processing alteniauves, 

AD. of ihsse matearial&diav&an jextceiueiy. lMgii,applieaiion 
ratc,%hlch m&ns that itey canifll coijiplex geonietrie';, such 
as those usedtor pumps>or keypads; 'and cure i'n a very short 
c\cic lime. Tlie njiiterial selection -will depend on the degree 
of physical siicngrh required, .and tlie Itogevily of ilie part. 
Figure 3 illustraies the force deflection characteristics, and 
the life eycle of two of tlicse materials. 

This controlled force deflection sieries of mateiials offer;} 
varig,u&,j>hy>ic3l .strengths, applicaUon rate^^ and degrees oj 
longevity^ tjiea^bx ofFeritigth? desi^ ei^gir^r a Imge degtep 

SeJf-Sdndin^ 

As a genet^il rule, and paffially by design, Hquid ittjeetion 
molded silicone elasj-ojaoers tJinptealAy i;Jp;j^O!S^CBid to pt#- 
straies without primiug aad/or post-l«ia^^njIJM«iIiiBCtf» 
elastomers are addition cure iiioiei'ials. anfl tlterefore do n6t 
have a Ifffge' nutnber of polar species at the surface of the 
material with which to interact with other rnaierials. This 
type of tion-functional surface is excellent for release proper- 
ties, hence the reason why sUironcs arc t)ften used as release 
liners; 

One rcaMin siloxancs are so dirficiill td-adheie to i$' that 
the surface energy of ihc cured siioxanc i>, very low -18 
inN/m, The low surface energ> prohibits crther materials 
trom wetting ilie suifacc of ilic siioAuiie. Wetting the .surface 
lueans thai the material must spread out in such a way that 
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4be t% o surface arcaf, become 
contacted in an intimate feshion. 
A tnsBsa^l witb s losf^rsorface 

a hi;^er swfat^ efl^jf. Huii 
becatse the ifltratnoleciilar 
iiifeactions of the-lower sihfac« 
raergy material are low enough 
1,0 be overcome by the higher 
energ>-. subsiraie sunface. 

T« (Jetefmine ihs wettability of a nmerial, contaKi angle 
measurentefits are typk^aUy used. A drop of a material is 
placed on a surface of kno*n energy, and the tmgle between 
a tangent 10 tlie drop and the surface is measured. 

,As figure 4 shows, if the sample does- not wet at all, the 
angle is 180'; if the sample complcicly wets, tlie angle is 0''. 
Vaiioiis Jegreci, of non-weuing and weuit^g occur between 
fte two extremes. Silicones usually have very Wgh contact 
angles, corr^potiding to very low surface energies, and 
therefc^ are difficult to wci A drop of water on a siloxrtnc 
wax i^ a visual example of u non-wciiin;j itucraction. 

Recently, tbere have been development*; diat liave enabled 
the formulation of siloK.mcs iluu bond readily to engineering 
Ihermopiastics, glass ;iiiJ mci.ils. IW nhiUty of self-bonding 
or primerkss adhesion, cn.l.)^,:^ design engineer to lake full 
advantage of the product] v-il> oi a hquid injection molded 
elasiomcr .system b\ eliminating the priming step of the 
process. Additionally, a self-bonding elastomer enables cer- 
tain design flcxibiliiy in the pi.rt ii.seif. a,^ the need to mechun- 
ically lock tlie elastomer in place no longer exists. The firet 
genemiion scLf-boiidiug liquid injection molded silicone ekts- 
tomers are translucent, have good physical properties and 
mold in less than 30 seconds at ilTC 

In addition to the last cure and inipressive physical pro- 
files, the material has a low specific gravity,, and a high appli- 
cation rate. The adhesive proper^s of .(bisxt^rial were test- 
ed on many engineering theriaopksUcs aa.d tneatsi- The 
result-, of this test are given in table 6. 

The vducs given in tbs Kjble r^ngfcaA gssBa^ ai8l«3iid$ 
categories, are (jtmlitarive, and a&,n«: «#ress£it fibsoluiass. 
This i.s because the- surfat^ of'the substrates. c^ti be..afie^ed 
by processing and contaimmtion. Adhesion Is purely a sur- 
face phenencjaioft, and fterd'aie adhesion can be campro- 
mised by coBtajnination, and impurities. Table 7 lists the 
results of B quantitafive expenment on a single lot of 30% 
glass filled PBT. 

The adhesive bond obtained through the use of this mater- 
ial i$ significant mimediatelj om of the mold, and inerca.se,s 
widi dme us the pan -.laiuis at rorm temperature and p;es- 
sitre. To prevent the bi'dd.ip ji Mlovme on the mold suriace, 
the authors reconuncnd tliai tlio mold undergo a semi-pennar 
ncnt Ni/PTFF v.\'.;iniH' iirior lo u.se. Thismabtes:^ mm^ 
of the pari fiom ifie mold, and reduces (he effort neejied to 
perform routine cleaning on the mold. 

Low coiwpnsdon sei 

In a typical addition cured si!ox,me elastomer, less than 
10D% df the functional gioup-, are reacted. TWs is partially 
by 'design* as well as bcniL' a lesnlt of the vMyl afld hydride 
being locked in the poly met mau-ix in positions which are jjot 



Siloxane type Grade 

Non-bondip.g UV.bCL'j -^If'i.Wi 

Ncrrtiondng 1 M OOf.tl ■ -i^-^rp^ 
^M^'*- LI M 8040 2.42 MPa 

■ '" " ling LiMuO:,0 '.OoO l:\Pci 
LIM 80.40 2.3a!y|Pa: 
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h dose pmximi^ to ^e another. This is suflieient for the 
roatenal u> fHS^Jbtra as designed at iStandaiti lempet attires and 
pressures. However, if the material is cxpt>scd to extreme 
pressure and lomperature for f.ntended pesiods of time, the 
unreacted functional jirou(3s prc.^eru within the cured siloxane 
network, can leaci such that the pan takes on a new set of 
dimensions. Tlris plienonienun is called compression set. and 
Ihc susceptibility of liquid injection molded silicone elas- 
tomers ha.s limited their itse in app&atfons in high tei^pm- 
uire, high sucss environments. 

There are methods t»f reducing the compression set prop- 
erties of a liquid silicone elasiomer such that it is suitable for 
use in gaskets and seals for under Oic hood automotive appli- 
cations, and en\ironmenls where low compression set is 
needed. 1 he fiiM of these methods h a post bake to di'ive the 
pos-.ib!e reactiorLs to completion. In lliis icchnique. the part is 
cooKod in aii oven. for several hours at temperatures near 
20()T to drive the Teaetion of any remaining fimctioiuil 
groups to completion. By post-baking one type of LIM, die 
compression set is reduced from a value of 45% to <20%. Ad 
alternative method i.s to fill the liquid silicone nibber with, 
precipitated silica filler. Tlii.'> results in a system with good, as 
molded, compression set values t> pica]]) in the teens. 

There are drawbacks to e^Lch method, which must be 
emphasized. En post-baking a part, the entire cycle rime of 
subsystem manufaauriag is lengtheDiad by the amountdDfthe 
^o&t-b#:s!. This severely detracts from the profitability of a 
Bqirid -^liesone system. "When compared to a heat cmiA das- 
me^t, liquid siliccsB^ m p»f«pb|^: whm ym eaa have fest 
m^ldiog cycles. II you are post-baiing a pjuflE 6^ feur bqws, 
thfc actual molding cycle is not the rate linnling stgp,.thsrc- 
fore reducing the cycle time does not saves lat^e ^Rfentagte 
of the total production tmie As far as th&precipitatsd system 
is concerned, the high filler loading results in a low tear sys- 
tems atid,a very higli specific gri.vits . 

A new method of achieving a low tumprcssicm slI In liq- 
uid injection molded silicone elastomer systems lias been 
iTccntly developed in whidi a standard liquid injection mold- 
ed silicone elastomer system is combined with an addidvc 
paLkdi^e to \ield a low compression isei product. TTie result- 
ing liquid injection molded silicone elastomer has excellent 
physical propenies. a last cure cycle, tow specific gra\ itv and 
an Li-s molded compression set of <20'f . 

This approach ol' creating a low compression set liquid 
injection molded siiicimc chisUinier sysiem has several 
advantages when compaicd to me viforcmenUoned precipitat- 
ed i>ilica metiiod. The .specific grav ity of dlc low CS liquid 
injeclion molded silicone elastomer is lo.vcr ilum i\w piecipi- 
tated sflica version. This results in a lov ,.t pii^o |\.r part, as 
psals are llUed by volume (L) and Uic material is sold by 
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weight ,{g). Figure 5 compares the specific 
SS^i^ of varioiH liqukl elastomers. 

TO tear strength oi the material also suf- 
-fiss aacter die precipitated s>ftte3ii, as figure 
*6 iiufitsites. Even where tearstreaiigdi is not a 
cMM oort^o^nt of the prii dcsip. it is 
useM Inpaal rerocfval, and high iear«wngth 
will result in fewer parts which need to be 
SLTappod due to tears during processing. 

Ultiiiiate nratcriai bcnefiti are obtiiincd 
when the low coinprcs.sion set properties ;ue 
combined with ihe seif-bonding iutribuics to 
yield a liquid injeciion molded elastomer that has boili. This 
material is perfectly suited for trnder-tiie-hood automotive 
applications. 

IJM /irocessitif; 

The term liquid m eclion molded ^li69ne'€3^©mers refers to 
tine method bs wh.ich the siloxor^is jWH^^.via injection 
molding Wlicn the owrail pmim me&ic^ at 

producing i>:loxane<, (thernicisai) is UfiiilBared. to (bstof other 
lujecuun molded elastonKr^ attd fliarfti^plirtstid. ftrafly ^fnii- 
lari ties can lie seen. 

The Ll.Vl niateriiii i.s piimpe<l ;n ;i 1:1 uitio into a static 



S-iWi -; h i-4u'.d ii);.--;... r'cri :'ir,:.!<:eci CO nc/ETI^ process 
co.rtpari'.Oii 



Typical processing conditmns 
Material type 

Typica' iTioic: iernpe-aiurcv ("C) 
"Typical material processing 

Temjsefatures' (*C) 
Typical injection pressures {MPs) 
typical cycle (sep.) 
Cure time (sec./ 



Silicone (UM) 
Thermoset 
.149-204 
26.7-37.4 



6,89-34.4 

. .30r69 



Thermoplastic material 
Thermoplastic 
26.7-1 C7.2 
204-399 

68.94-137.89' 
■10^40 




ej fo vuri.Tiu> 



3 50 






' ■ Typical LSR 








:. Liq. inj. no:d 


'2 62 


Si 




Elastomer . ' " 


0.87 




if 













mixer and led into (he barrel of the injection molding 
machine. The material Is then fed into the injection nozzle by 
■either a screw or a ram type unit, depending on the style of 
die xnachine. The screw i.s the tTio.si common method of 
transfer due to the .similmiiy to ihenuoplastic molding, wliile 
the ram^tunger method is gaining in popularity due lo the 
hifh accuracy and repeatability of each shot oi m.nen;il. 
Until tills point, the material is maintained near room lempor- 
atiire to minimize the amount of pre-curint; that takes place. 
Thi.s pi-ecaiitIon must be taken beeau.se once the catalyst is 
present with the crosslinker (i.e., after the A. and B are mixed 
.in the static mfeser) the aial!^rtal;can citie at slervaied tempera- 
tures. The material isiajected fhiough a cliillcd nozzle, into a 
heated mold. Tlie molding takes pkicfc fOr afiywliere from 10- 
40 seconds ;tnd then the mold opens and the part can be 
removed. The mold can be either side or partingjine gated, 
and the iianners can either be eliilled (cold) or heated (hot). A 
cold runner system saves material, but the tooling cost is usu- 
ally higher, while a hot aumer uuild is a less expensive capi- 
tal investment, but the entire amner will have to be scrappeil 
because litjuid injection molded silicone elastomers iire iher- 
raosets and cannot be leuNcd. A comparison t>f the molding 
conditions between liquid injection molded silicone ciavS- 
tomcrs and thermoplastics \s \lumii in table 8. 

Liquid injection molded .silicone elastomers are often used 
to make discrete parts such as baby bottle nipples, floppy 
gaskets, wa-shers. .septa, o-rings, etc. There are some applica- 
tions, however, which require a mere advanced form of 
nioiding in which the ojaitomei-s aie molded over a tliermo- 
plastic or mets^ carrier, Tife is "known as overntolding aiiitl 
eliminate.? the«eed J© tfioW a dlscj^e gasket tod assemble it 
witli tlie cjpnet Qf ehdic&r thereby generating productivity 
smd a lower overall cost perpart. 

When overmolding. sevend eonsiderations'must be taken 
into account, indiiding the plastic used, fhe'cycle time of iie 
pipCfess,„th^ ii^e(i|tion pressut^s, the siloxane' material 
and i^e pM}J4lfig4eisign. The molding conditions must be 
conduetve to iJie engineciing thermoplasiic (P.TP) substrate 
over which yon are rfiolding in that Tg, Trrt of the material 
must be compatible with the mold lemperature^ and the injec- 
tiun pressures must not defoitn the part during the molding 
cycle. It is recommended iliat die pans be p-cheated piioi: Xfi 
overmolding saeit ^Tftesttteoate-djlBSs mtm & Hhm 
hink aad sloi* tte «»im#pr5fe^ to m m^mUe f^m 



Twfi-ShOt or two C,^,„y,M^,n nK^mui^ 

Ultimate ^ficieney and d<?5jgn flexibility arc tnade possible 



RUBBER WORLD 



(hfoti^h the u^e of two comporient or tw(>-shol mOldSng, in 
^Hkh an EVP pm is mcflded and' a Hcjufri ihieertbn fnolded 
silicone elastomer is molded over tfie plastic pm. In a single 
process. To achieve the goal of molding a thermaset and a 
thermoplastic in one process, it was necessai y lo break ihe 
overall pracedui-e into three separate steps: 

• Ttie injection raolding of the ETP initiates tlie whole 
prcxresi, anil is Uic fLsiesi step, usually .taking <20 seconds. 

• Whilo the intiieria! i-, >till hot, the mold opens and the 
pan i.s srans-tcn-ed to the liqiiia ittjectten -mcddet ffileone 
elastomer looJ in step two. 

• Then the li4uid injection molded silicone etastQm,ff is 
molded on lop of the ETP to complete the cycle. The mold 
opcii^. .1 .-niv.pkniid part i.s removed, and tihfe entiae'ptcieess 

The kc> 10 the eiitiic pvocesi is the ttanslCr of ll» ETIP 
pnrr to the .silia>iie molding .'iccfion, and there are three 
methods ■vi^ereby this can be achieved: Rotary plate, 
ffitpfectabie core and nataiy plattej. 

Ratlin- pla(e 

P€\huph lilt' most versatile method of two cnmponent mold- 
ing ittili7cs :i rctaiin.!.' pl:ne to iransfer the HTP to the liquid 
injection moUUnz lion In a rof.ttinc plate desiun. the 
thcrnn^pLisiiv - i-i'- n'o \hc tlien(iu)!Lisiic mold and is 
cooled in tiie mokl lo a ccnuiit Uegiec. Once the slruciural 
integrity ol the ptm lus been .sulOciently as.hicvcd, ilie mold 
opens ;md the pdit i.s removed IVum both sides of tlie mold. 
The jmri is held by a center plate, which is rotated such thai 
the ptetie part i.s now positioned in between the two beatefil 
halves of the liquid injection molded silicone elastomer 
mold. The mold clones, and the iiiloxane is molded atop the 
plastic part, while a new pla.scic part is being molded in the 
pre\ioii.s cavity at the .same time. Once the-elasttortJ^rtteld- 
uig cycle coippleta, the mold open^ agaip, siepatEat^ J$$Qta 
both sides of the part, the part is jremoYed, the msL^T pJtrte 
rotates, the mold closes and the whole mokltng pnbcess is 
i£peated. A schematic of this type of design is shown in ftg- 

By ha\ing a complete and dedicated liquid injection 
molding side in .ivldition lo a complete thermupItLstic side of 
the mold, it is po-^sible to mold the elastomer niiio both sides 
■of the part, ThLs ability oit'ers, significant design ncxibiiisv. 
hoTi^vVcr it also po^es some technical challenges, 'llie pan 
most demold and remold on txJth sides in the middle of the 
molding process, whkh means thai the talcrancing of the 
thermoplastic mold mu^ he extremely %bt ffir the part to 
consistently match the toieraacing m the liquid mjection 
molded siluxiiiie mold. 

SiMlng care luolJ 

Another way inolditi!.' liqi,id sil.coite ekistomcrh onto 
thermopbsrics i» \ia a slidiiio tore mold. Instead ofdemold- 
ing the part and moviiig it in ;i new Ljcation. die mold has 
the iibiliiy to form additional eavilmiyn f«riM liquid sili- 
cone by an intcrmd sliding mechanism. TSfe- ETP fe,.moMed 
in the portion of the p^cess. dtcn as ft: cools, the ftiold 
changes shape to create a void lor the silicone to ftU, The 
siloxane cavity can be formed via sliding pins or -cores, ^nd 
once this occiirs. the liquid injection molded silicone eliis- 



tomer !■? molded in place. 

Although this dirltinaies the need to rmate a mold, thft 
mold desiign hecoores very complex, depeixiing on the type 
and anionnt of caviiiei; needed. Atioiher dra-whack is that, ihgt 
two processes, thermoplastic molding and liquid &ili^"Onc 
molding, must be carried out hi series. TMs ufesults in two 
.separate molding activities titat muat 1^ pkteSs assntfjtifalty 
during the molding cycle, diereby rediieing the overall prti- 
duciiviiy oFtlieptttcess. 

Rotating pkitm 

The third mold design option available in a two con^ment 
molding .system is the rotating platen. In iJri.s design, three of 
the four mold cavities are of thcmiuplastiL inoldina: design. 
in(h[trt.ltK!yare,CQ©]e(itotheiemiviaiuu- ivokd to moid the 
ETP portion of the part. Once liu- theimupt.i.siic molding 
cycle is complete, mold opens and Uk p.irt ;en,oii s in halt'i.f 
the mold, then the entire halt" of tlie inulJ rcnaie.s to align ihe 
plastiC'part with the heated liaH'ol the liquid injeeiion mold- 
ed silicone elastomer. The mold closes lor ilic '.iLjuid sili,.one 
molding, and a( the same time anotlicr thei moplastic p.-ar i.s 
being, molded. The liquid silicone mold u.ses the virain ther- 
moplastic as a shut off and the entire ihemiopkisiic cycle is 
completed while the LIM sdicone elastomer is beiitg mold- 
ed. 

The gam in cycle time comes at the cost ol mold com- 
plexity. To take ad\antage ol this mutliod of iwo component 
KjCoJding, it is necessar> to have the ability of sequential 
injections and gating. This, as well as the necessity of the 
entire mold to rotate, results in a more complex mold dssign. 
ITie rotating platen mold does not permit the raolding of the 
h^uid silicone elajJiomOT onto hoth sides of die ihemiAplastic 
part, but only on th? side vrhich fac?j5 the hcatsd silicone 
nieJd. 

Ifti^Tident ^iff *ht(£y^ lypeo* mold system is utilized, 
fherif 8fe oiher ccmsidesatiens wbidti need to be taken into 
acdoatit when (fesigninga two shot system, Tlie gating t\ \x, 
dfti^coM nmnerorhotninnesF, nsnsf be decided upon based 
on ^ wM. (xm^iWiVi vecsiis i^sisible materia], loss. The 
process sheuW have ihe flessiMity of «i^u«nt«il ^attog,. The 
locatiori and'siye; of vents must bp identified. Even the 




Rotary plate tool desicr./pfocess sequence 

^ dI> [i^ (il- fiiil" 

Iniect Open i.'ste Gtose; moid Open mold 

ETP .claimp' {transfet iniec;LlM eject com- 
Si i:. _x:-z' ETP ponent 

" '-".-''re LIM injoc-. 
; 4,j^4,:yi^,unit) 
Advantages . " " . D.aa&jantages 
Flexible LIM geometry o jn , i^.--, mold movement 

Simullancous injection Them;,ii expansion issues 
.sequences Reduced cfivitation 

•No rotary platen necessary 
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geomelr}- of the ETP purl is ofcqncem to 
(he liquid injeciioti molding pu7zte, as it 
caa be used as a shut-off. and its latent heat 
can be used lo htlp ihermally cure tlie liq- 
uid injeciioii molded silicone nsbber. 

The proper material mmt he>-^imsm 
based on the part design. As a wile, tbe 
pliysii-al pJHpei tit's icrmaiT) constant acioss 
the entire liquid injeciion molded siloxune 
product lines. Tvpical values are: Tensile 
strength 6.2-8.96 MPa; elongation 300- 
700'/f: die B tcai sirenjth 2.62-5.2.5 .I.'cni^: 
and specific gruviiy i'.li)()-1.130 Kg/nvl 
The material should sL'lccied based on the other factxirs 
iKi^ed, suu\ .1-, v-l.iniv hondabffliy a«illQT»ablBtJf, "Mfeg 
is useful in Jfunmnnii; the corrjsci Trsaeaal to meettbe- 
needs of u-parLieuW design. 

ft is irt^ortJint to decide whai tvpe oi bonding is neces- 
sary taeTft'een the liquid injection mulded silicone elastomer 
and the ETP subbtraie. There are ihrcc types of bonding 
available: 

• In a static bond, ihc maicrial is connected lo the sub- 
strate by forces which are strotif enough to hold the elas- 
tOTuer to the subsiracfc for removal (s&m the mol4 but.arfe 
wsrfc sEOOugh such that the rubber can be ramovea without 
^ffiagetothebulk material. 

•■Ha-teSSittd-adliesion option is a mechanical interlock. 
Jbn liiis raethad, lh^ !■ i'P PiUl i-. .'os,.'ned iliai it Iras 
utidescuts ox flow channels which peimii ihe ilowing of the 
unCUred liquid siltcone elastomer, but prevent the cured 
m^ijal from heing removed. This is a fonn of physical 
i[S(dbei#n, and is us^fiU where the part will sea. stresses tliat 
vydiuy reituave a stsaicaUy beaded Qlastpiper. The uajiex- 
tats mn pose a techniisaj ehallartgs lo the toip isf =the 
ETP porlibn of ftfe meld. additibTftilly the Y»M ts' suscepti- 
ble 10 leidcage' around the rubber portion at a microscopic 
.TeM. 

• Otemate bonding occurs tlirough the ase of a chemical 
bQBjd. TIms possible dirc»Bgh th& utse of tbe setf-lpiding 
iiqmd injeajoa racJded silicQue ^iMtomm. -The ben4 
{whieved throu^ (hii. method r&sultsin':j-9Q% cohesive fail- 
umVtthiTfj-tfie nibtfer. 

ICfce Mlowing data focus on fl® peitoianefe ctf the self- 
boflding hqjpiid injection molded silicone elastomers when 
molded over viuious plastic subsirares using a iwo shot 
molding prtjcess. The sample geomcirj was chosen to illus- 
trate three distinct features commonly foutid in injeciion 
molded parts: o-ring gasket; a vertical interlocking seal: and 
variable tioniliial wallpe^il strip. 

The pans, were molded on a 1.50 ton two component ETP 
injection molding machine which was consorted to a 
nEIP/Iiqiud silicone two'^betn^hine The pari cvc'c limes 
viu-ied from several mintttes toilesb dian -Ui seco/ids foi ihc 
entire molding ptScess. d#eiftling on die elastomer used. 
Actttesiaa data {t£*le i]0>,.aii ^fpeo ai'^lfiaa!?&l»j0sis»;aw- 
j^pGndipg to the amoujit of cel^eaife feitor&>(es£eEflea»t is 
>95% cohesive failure). 

Siloxaucis oficr unique iptoperlies, as elastomers, and ihere- 
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Sel-bonding L M loito nfer/substrate matrix 



PPO.'PA (Koryl GTX) 
PBT (Valox) 
PPA (AmodelJ 
PPOtNoryli 

PA (Nylon 6 glass-tilled! 
ABS 

PPS (Supec) 
PC (Lexan) " 
PC/A8S (Cycotoy) 
,_PC (U.V treated) 
^luminum 

Steel tcarbon, stainless) 
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:oljont EACCliarit 
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Good Good 
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Excellent Ej^ctilent 
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-feas&Tai© \ieSxt$f liis^ itt jBereasing ameunts for sue* apjSica- 
ti^. Li(^i54j6(Safl xttoldfid sdiconemaKaiai? lav<f Meel- 
lenl phyiaciiAadiJhettdcal properties which mafc^'thsan: St- 
able altemafiVes to sMatd mi liable and pourabSS- s^oxane 
elastomSfe. ¥?e«? -aa^eiss- in liquid injection molded atox- 
.ane ma^iails, Jnclu<Sijgf'?df-bonding, low compression set 
,an.d controlled fe/ce 4etlectipn, address some previous 
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SILICONES 

Comparing Liquid and i-iigin 
Consistency Silicone Rubber 
Elastomers: Which Is Right for You? 

Byron E, Wolf 

Silicone elastomers have been employed for many years in the manufacture of medical devices, 
medical device components, and medical tubing. They have found use in a variety of critical-care 
and life-enhancing applications such as hydrocephalic shunts, pacemaker lead coverings, catheters, 
replacement finger joints, and pump diaphragms. 




Low viscosity mal<es liquid silicone rubbers suitable for 
molding applications requiring complex, intricate molds. 
Photos: Dow Corning Corp. 



These elastomers are commercially available in two types: millable high consistency silicone rubber 
and pumpable liquid silicone rubber. For companies entering the device manufacturing market or 
expanding current operations, the type of silicone rubber selected will determine the equipment. 
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floor space, and labor requirements necessary to perform the device fabrication process. 
ELASTOMER CHEMISTRY AND PROPERTIES 



Silicone elastomers are proprietary compositions that conta in silicone polymers, reinforcing and 
extending fillers^ and cure ingredients. 

Silicone Polymers. The polymers used in silicone elastomers are of the general structure depicted 
in Figure 1, where R represents -OH, -CH=CH2, -CHs, or another alkyi or aryl group, and the 
degree of polymerization (DP) is the sum of subscripts x and y. For high consistency silicone rubber 
elastomers, the DP is typically in the range of 5000 to 10,000. Thus, the molecular weight of the 
polymers—generally called gums—used in the manufacture of high consistency silicone rubber 
elastomers ranges from 350,000 to 750,000 or greater. In liquid silicone rubber elastomers, the DP 
of the polymers used typically ranges from 10 to 1000, resulting in molecular weights ranging from 
750 to 75,000. The polymer systems used in the formulation of these elastomers can be either a 
single polymer species or a blend of polymers containing different functionalities or molecular 
weights. The polymers are selected to impart specific performance attributes to the resultant 
elastomer products. 

Figure 1. Chemical structure of typical silicone elastomers. 
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I Reinforcing Fillers. Many manufacturers use reinforcing fillers to add strength to the finished 
elastomer product. Typically, these fillers are amorphous fumed silicas, although the use of 
precipitated silicas has increased in recent years. Particle sizes of standard reinforcing fillers 
normally fall within the range of 5 to 20 nm in diameter. 

The reinforcement that occurs is the result of interaction between the polymer and the filler, whose 
surface typically has a silanol functionality. Because of the hydrogen bonding initiated by this 
silanol functionality, the interaction between polymer and filler can actually become so significant 
that it results in elastomers that are extremely stiff, giving the appearance of a cross-linked 
system. This phenomenon-commonly referred to in the industry as crepe-can be reversed, 
because it is possible to break down the hydrogen bonding through the addition of shear energy in 
the form of mixing or milling. 

To achieve a level of polymer and filler interaction that provides a stable product while nnaintalning 
the reinforcing nature of the filler in the elastomer, a treatment, or pacification, of the silanol 
species on the reinforcing filler is necessary. This is typically carried out either through the addition 
of silanol-endblocked polydimethylsiloxane oligomers or via a capping reaction using reactive 
silanes or silazanes. 

Extending Fillers. In order to impart particular performance attributes to silicone elastomers, 
extending fillers are sometimes employed. Examples of some common ones in the medical device 
industry include barium sulfate, used to produce radiopaque products, and titanium dioxide, a 
pigment that serves as a whitener. 
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Low viscosity makes liquid silicone rubbers suitable for molding applications requiring complex, 
intricate molds. 

CURE MECHANISMS 

Two major cure mechanisms are used in the manufacture of silicone rubber elastomer products: 
free radical cure and addition cure. 

Free Radical Cure. Free radical cure systems employ peroxide catalysts that are either vinyl 
specific or nonspecific in nature. Adding heat causes the peroxide to decompose into two free 
radicalcontaining components, which then react with either an alky! or a vinyl species along the 
polymer backbone, transferring the free radical to the silicone polymer. The cross-linking 
mechanism is terminated by the reaction of the free radical on the polymer chain with an alkyi 
species on another polymer chain. 



Nonspecific peroxides—such as bis(2,4-dichlorobenzoyl) peroxide or benzoyl peroxide—do not 
require the presence of vinyl or other unsaturated alkyI species in the polymers making up the 
elastomer formulations. These peroxide catalysts are commonly used in extrusion, but may also be 
appropriate for certain molding applications. Vinyl specific peroxide catalysts— for exannple, dicumyl 
peroxide or 2,5-bis(tert-butyl perox;y)-2,5-dimethyl hexane-require the presence of vinyl or other 
alkenyl species in the polymers contained in the elastomers. These vinyl specific catalysts do not 
perform well in extrusion applications, and are thus limited to use in molding. 

A serious drawback to the use of peroxide cure in silicone materials is that it leaves residues in the 
cured elastomer, including acid by-products and polychlorinated biphenyls (PCBs). If the acid 
residue is not removed, it can manifest itself as a powder that forms on the part surface -a 
phenomenon commonly referred to as bloom. The application of an oven cure or postcure cycle is 
generally required to remove these by-products from the cured parts. 

Despite this time-consuming postcure processing needed to eliminate residues, silicone elastomers 
incorporating the free radical peroxide cure are still widely used. Such elastomers are supplied 
either with the peroxide already formulated into the material, or uncatalyzed, in which case the 
fabricator adds the peroxide at the time of use. Examples of medical devices and components 
manufactured from peroxide cured, high consistency silicone rubber elastomers include tubing. 




There is little difference between liquid and high 
consistency silicones in terms of physical properties. 
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pacemaker-lead coverings, and hydrocephalic sliunts. No liquid silicone rubber elastomers that use 
the free radical peroxide cure mechanism are commercially available. Table I lists typical properties 
obtained in high consistency silicone rubber elastomers cured via peroxide. 

Addition Cure. The addition cure mechanism-known as hydrosilylation-involves the addition of a 
silicon hydride (*SiH) to an unsaturated carbon-carbon bond in the presence of a noble metal 
catalyst. The most commonly used of these hydrosilylation catalysts are based on platinum, 
although palladium and rhodium catalysts are also available. In order for the cure to occur, the 
silicone polymers contained in the elastomers must include a vinyl or other alkenyl functionality. 
Both high consistency and liquid silicone rubber products can employ the addition cure mechanism. 
Elastomers featuring this type of cure system are supplied as two-part kits: one part contains the 
catalyst species, the other a silicon hydridefunctional cross-linker and an inhibitor to provide 
working time once the two parts have been mixed. 

The major advantage of addition cure for elastomers is that the cure reaction produces no by- 
products. Therefore, postcuring of the elastomer is normally not necessary, although a postcure 
cycle is sometimes performed to stabilize or enhance the properties of the finished product. 
Addition cure is inhibited by contact with materials containing amines, sulfur, phosphorous, tin 
complexes, peroxides, and peroxide by-products, and care must be taken to avoid contamination 
by any of these materials. 



Duronnetar hardness, Shore ft (f 



Tensile strength (psi) 



Table I. Typical properties obtained in high consistency silicone rubber elastomers cured via 
peroxide. 
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Table III. Typical properties obtained in liquid silicone rubber elastomers with addition cure. 

Medical devices or components made from addition cured, high consistency silicone rubber 
elastomers include tubing, pump diaphragms, and catheters. Among the devices made from 
addition cured liquid silicone rubber elastomers are pump diaphragms, external male catheters, 
and wound-drainage bulbs. Typical properties obtained with an addition cure system for high 
consistency and liquid silicone rubber elastomers are listed in Tables II and III, respectively. 

MATERIAL APPLICATIONS AND PROCESSING 

As the data in Tables I, II, and III indicate, there is little difference between high consistency and 
liquid silicone rubber elastomers in terms of physical properties, regardless of the cure chemistry 
used. However, because of the disparity in the material types, the processing of these materials 
and their fabrication into medical devices vary significantly (see Figure 2). 



High consistency silicone rubber elastomers are ideal for use in extrusion because of the high 
viscosity polymers used in their formulation. The resulting products show very good green 
strength, which is the ability of the material to retain its extruded profile in the uncured state. 

Liquid silicone rubbers, on the other hand, do not perform well in most standard extrusion 
applications because their viscosity is so low that they flow under little, if any, shear stress. Their 
utility in such applications is therefore limited to supported extrusion—that is, extrusion onto 
another substrate. Sleeving and membrane films are two examples of supported extrusion 
applications. 

Both high consistency and liquid silicone rubbers are used extensively in the molding of elastomeric 
devices and device components. High consistency elastomers are typically molded using transfer or 




Figure 2. Comparison of processing steps in molding of 
high consistency silicones (top), extrusion of high 
consistency silicones (middle), and molding or extrusion of 
liquid silicones (bottom). 
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compression molding tecfiniques, botin of which are labor-intensive. Liquid silicone rubbers are 
molded in highly automated injection molding systems. Given their significantly lower viscosity, 
liquid silicone rubber elastomers find utility in molding applications that require highly complex and 
intricate molds. Their ability to be molded in automated injection molding systems also lends itself 
to production runs involving large numbers of molded parts. 

Processing High Consistency Silicone Rubbers. The processing of high consistency silicone 
rubber elastomers involves five steps: mill softening and catalyzation, preparation of a preform, 
extrusion or molding, vulcanization, and finishing. 

Mill Softening and Catalyzation. The initial step in the processing of high consistency silicone rubber 
elastomers for use in either extrusion or molding applications is mill softening and catalyzation. 
This procedure reverses any "crepe hardening" that has occurred in the elastomer during storage in 
inventory at the supplier or fabricator. The milling is also used by fabricators to add peroxide 
catalyst to a free radical cured elastomer, if necessary, or to blend the two parts of an addition 
cured elastomer prior to fabrication. 

Milling and catalyzation are not only labor-intensive, but also require the use of a two-roll mill, 
which costs approximately $60,000 to purchase and install. The elastomer is passed through the 
mill numerous times until the compounded material is homogeneous, then removed in sheet form 
for further processing. 

Preparation of a Preform. Once a high consistency elastomer is fully compounded, the next step in 
the fabrication process is the preparation of a preform. This requires no special equipment but is 
very labor-intensive, particularly in high volume applications that are almost continuous in nature. 
For extrusion and injection molding applications, the preform is prepared simply by cutting the 
elastomer sheet into strips, which are used to feed the extruder. For transfer molding operations, 
the preform is typically cut with a die-cutter into a plug that will fit in the transfer reservoir of the 
transfer press. For compression molding applications, the process is slightly more complicated, 
since the preform must be cut in the basic geometric configuration of the final part. 

Extrusion. For high consistency elastomers, extrusion is accomplished using a single-screw 
extruder. The preformed strips are fed to the extruder from a roller feed wheel into the extruder 
barrel, and the elastomer is extruded through a die and mandrel assembly to form the desired 
profile. It is also possible to carry out supported extrusion with high consistency silicone elastomer. 
This is achieved by fitting a crosshead assembly onto the extruder, passing the supporting 
geometry through the crosshead, and extruding a layer of silicone rubber over it. 

The cost of an extruder appropriate for medical applications is approximately $100,000, including 
installation. However, most extrusion system fabricators equip their machines with laser 
micrometers and feedbaclc controllers to monitor product quality, an enhancement that adds 
significantly to the cost of setting up an extrusion process. In addition, extrusion can be considered 
labor-intensive, since it requires the presence of an operator at all times to ensure that the 
extruder has a constant supply of elastomer and is operating properly. 

I^olding. High consistency silicone applications vary with the type of molding equipment used. 
Transfer and injection molding processes require operational personnel to load the elastomer into 
the equipment and to demold the finished parts. For compression molding, operators must place 
preforms in all the individual cavities in each mold. Because of the relatively slow cure cycles 
employed with high consistency elastomers, it is possible for the molds to have large numbers of 
cavities. The cost of installing a transferor injection molding press is approximately $1000 to 
$2000 per ton of clamp force. Compression molding presses are considerably less expensive. 
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Vulcanization. Vulcanization of tine extruded product is typically acfiieved witli hot-air vulcanizing 
ovens, or HAVs. These HAVs are available in both horizontal and vertical configurations. In the 
horizontal models, the extruded profile is laid on a continuous belt and passed through the oven, 
where hot air is forced over the extrudate to initiate the vulcanization mechanism. In the vertical 
oven configuration, the HAV is equipped with a variable-speed drum at the top to pull the extruded 
profile upward through the oven, where it is cured. The cost of a typical HAV oven is approximately 
$30,000. Other types of vulcanization ovens employed include radiant-heat ovens and steam 
autoclave ovens. 

Finisliing. The degree of finishing required depends on the specific application. For extrusion 
processes, finishing involves visual inspection and cutting of the tubing into specified lengths. If the 
tubing has been cured with a peroxide, the finishing process also entails an oven postcure to 
remove peroxide by-products. For molding applications, finishing includes the trimming or 
deflashing of the molded parts, often using die-cutting machinery to cut the individual parts from a 
larger molded sheet, and any oven postcuring that is necessary. In addition to wasting material, 
finishing of high consistency silicones is labor-intensive and requires additional equipment such as 
ovens and die-cutters. However, this equipment is relatively inexpensive to purchase. 

Processing Liquid Silicone Rubbers. In contrast to high consistency materials, the processing of 
liquid silicone rubber elastomers requires only three steps: meter-mixing, molding, and finishing. 
The major advantage of the liquid silicone rubber system is that it is designed to be used in highly 
automated, closed systems, with very little labor required once the system has been put into 
operation. 

I^eter-Mixing. The initial step, meter-mixing, is performed using pneumatic pail or drum pumps. 
These pumps deliver the two parts of the liquid silicone rubber-at a 1:1 ratio-to a multielement 
static mixer, where the two parts are airlessly mixed until they are homogeneous. Meter-mix 
systems have improved tremendously over the years, and also allow for the controlled 
incorporation of other additives, such as pigments. The cost of a meter-mix system is 
approximately $15,000 to $25,000. 

Molding. The molding of liquid silicone rubbers is accomplished using modified plastic injection 
molding machines. These machines are highly automated and, once operational, require almost no 
labor to operate. Such equipment costs approximately $1000 to $2000 per ton of clamp force 
required. The greatest expense in the molding of liquid silicone rubber elastomers is the cost 
associated with the design and production of the mold itself. Depending on complexity, a mold can 
cost from a few thousand to several hundred thousand dollars. The recent introduction by several 
suppliers of all-electric molding machines bodes well for the future of liquid silicone rubber injection 
molding in the medical device industry, since these units can be used in cleanroom environments, 
from which typical hydraulic machines are precluded because of potential contamination by 
hydraulic fluids. 

Finishing. For typical applications, finishing operations are not necessary in liquid silicone rubber 
injection molding systems. The molds, if properly tooled, produce minimal flash, eliminating the 
need for trimming. Likewise, because these materials use the addition cure mechanism, a postcure 
cycle is not required, although it may be performed to stabilize or enhance the properties of the 
cured parts. 

CONCLUSION 

The selection of the right type of silicone rubber elastomer for a specific use is largely a matter of 
personal preference and avaiiability of equipment. There is little observable difference between 
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peroxide cured high consistency silicone rubbers, addition cured high consistency silicone rubbers, 
and liquid silicone rubbers in terms of physical property performance. However, the materials differ 
significantly in terms of the processing necessary to fabricate medical devices and components. 

For extrusion applications, high consistency silicones are the material of choice. Liquid silicone 
rubbers do not exhibit the green strength necessary to maintain extruded profiles until they can be 
vulcanized. Either peroxide or addition cure systems can be used, although peroxide systems do 
require an additional postcure step. 

For molding applications, either high consistency or liquid silicones are acceptable. For facilities 
already processing high consistency elastomers, continuing with the same type of material may be 
the most efficient and cost-effective course of action. However, new operations entering the 
marketplace should give serious consideration to using liquid silicone rubber, because the capital 
costs and labor involved are significantly lower than those associated with the processing of high 
consistency material. Whatever the choice, an extensive knowledge base exists to provide technical 
assistance, and material and equipment suppliers alike are available to share their expertise and 
help ensure manufacturing success. 
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Elastomcri • Silicone rubbers • 
Nanoconiposites - Carbon nanotubes 
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due to problems encountered with their 

■ dispersion and interaction in the host 
matrix. Nevertheless, an outstanding 
affinity of carbon nanotubes towards 

;-poly{dlmethylsiloxane) (PDMS) has 
been demonstrated. Tiny amounts of 
multiwall carbon nanotubes are re- 

jq^r^^o bring significant changes in 
ttje mechanical, electrical and thermal 
properties of PDMS. 



Kohlenstoff Nanorohrchen: 
auBergewohnliche Fiillstoff e fur 
Silikonkautschuk 

Elastomere • Silikonpolymere • 
Nanoverbundstoffe • Kohlenstoff 
Nanorohrchen 

Seit einigen Jahreh effreuen sich 
Kohlenstoff Nanorohrchen (CNT), ihrer ■;. 
auRergewohnlichcn Eigenschaften 
\.\fRei. e nes pi-jRc i v..ss;^s:■^>Tt- 
:,lichen Interesses. Ihre Verwendung in 
polymeren Verbundwerkstoffen ist 
ibegrenzt durchdie bei der Qispsrsion 
und der Wechselwirtcung mit der Matrix 
auftauchenden Schwierigkeiten. Nichts 

des.to Trotz wird eine besondere Affini- 

tat der CNTs z'u Poly(dimethylsiloxan} ' ' 
i,4PDMS) festgestellt. Geringe Merij 
wandiger CNTs werden h 
fehanischei'-ele'iktrlschg 
" Sche Eigtnschaftet 



Carbon Nanotubes: 
Exceptional Reinforcing Fillers 
for Silicone Rubbers 



Poly(dimethylsiloxane) (PDMS) has long 
been known to be a high performance ma- 
terial on account of its high thermal stabil- 
ity and its very low glass transition 
perature. But in order to take advanta; 
these properties, PDMS requires^ in most 
applications, to be reinforced by fillers to 
improve its mechanical properties which 
are weak in the unfilled state. 
PDMS and silica particles have been suc- 
cessfully used to prepare composites with 
greatly improved properties such as 
strength, stiffness and wear resistance [1]. 
The effectiveness of the reinforcing agent 
has been shown to depend on several pa- 
rameters including filler morphology and 
especially surface characteristics [2]. Actu- 
ally most studies ascribe the increased stiff- 
ness and strength, imparted by silica to the 
elastomeric matrix, to hydrogen bonding 
between hydroxy! groups on the silica sur- 
face and PDMS chains. 
The last few years have seen the extensive 
use of nanoparticles because of the small 
size of the filler and the corresponding in- 
crease in the surface area, allowing to 
achieve the required mechanical properties 
at low filler loadings. A reinforcement tech- 
nique based on the incorporation of silica 
through a sol-gel in situ precipitation was 
developed by Mark et al. [3-8] for essential- 
ly silica filling of silicone rubbers. The sol-gel 
process prevents the formation of large sil- 
ica aggregates frequently obtained by the 
usual blending of the filler into the polymer 
prior to its cross-linlcing into an elastomeric 
networic and allows good control of the size 
and distribution of the particles within the 
matrix [9]. Other nanofillers, having large 
surface areas and aspect ratio, such as lay- 
ered silicates or carbon nanotubes, are of 
prime interest as reinforcing agents for elas- 
tomeric matrices. If delamination of the 
stacked claynanoplateletsor breaking down 
of bundles of aggregated carbon nanotubes 
are achieved, significantly enhanced proper- 
ties are expected with regard to the unfilled 
polymers or conventional composites. 



In the recent years, carbon nanotubes have 
attracted considerable interest on account 
of their remarkable mechanical and electri- 
C3\ properties. Carbon nanotubes consist of 
ir more concentric graphitic cylinders 
with typical diameters ranging from about 
1 to tens of nanometers and lengths of sev- 
micrometers {even millimeters or cen- 
.timeters). The key parameters which deter- 
mines the usefulness of carbon nanotubes 
as reinforcing fillers for elastomers are their 
effective dispersion within the matrix and 
the interfacial interactions between the 
polymer and the filler. Actually, one of the 
main problem with carbon nanotubes is 
their strong tendency to form agglomerates 
which act as defects in the composite and 
limit the mechanical performance of the 
resulting material. Despite the significant 
advances made on the processing of poly- 
mer composites, up to now poor dispersion 
and lack of interfacial adhesion between 
the tubes and the polymer matrix have 
been shown to limit the full realization of 
the filler properties for a nanoscale rein- 
forcement. Even if improvements in the 
composite tensile stiffness are observed, 
strain at break is often degraded as a result 
of the presence of bundles within the poly- 
mer matrix [10-14]. 

Some studies report the use of carbon na- 
notubes in silicone based elastomers. Frog- 
ley et al. [15] analyzed the mechanical prop- 
erties of a silicone rubber reinforced with 
single-wall carbon nanotubes (SWNTs). The 
initial modulus is shown to increase sharply 
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with the filler content but a reduction in 
ultimate strain is obtained. Another study 
of the same group proves by atomic force 
microscopy the complete and spontaneous 
wetting of a nanotube by a liquid of PDMS 
[16]. Parl< et al. [17] mention a sudden in- 
crease in viscosity when MWNTs and the 
hardener were mixed and added into the 
silicone rubber at maximum filler contents 
limited to 0.7 wt% on account of retarda- 
tion effects on the cross-linl<ing process at 
concentrations approaching 1 wt%. A spec- 
tacular increase in viscosity has also been 
observed upon adding MWNTs to the un- 
filled PDMS at filler loadings between 
0.1 wt% and 0.3 wt% [18]. This increase in 
viscosity at extremely low filler content was 
assumed, through modeling studies, to be 
connected to strong CH-i; interactions be- 
tween the PDMS methyl groups and the 
n-electron-rich surface of the carbon nano- 
tube. This unexpected affinity of CNTs for 
PDMS opens the way to the production of 
new materials with highly improved me- 
chanical and electrical properties. Talcing 
advantage of our knowledge of the molecu- 
lar mechanisms of reinforcement of PDMS 
by different types of fillers [1], we decided 
to carry out an analysis of effects provided 
by the incorporation of carbon nanotubes 
in silicone rubbers. 

In this paper, we report investigations per- 
formed on PDMS filled with multiwall car- 
bon nanotubes (MWNTs. Synthetic aspects 
as well as mechanical, electrical and ther- 
mal properties are discussed. Additionally, 
Raman data are provided. 

Experimental section 

Synthesis of the unfilled networks 
Unfilled PDMS networks can be obtained by 
end-linking polymer chains by means of a 
multifunctional cross-linking agent. This 
type of process using bifunctional polymers 
of known molecular weight reacting with 
adequate multifunctional reagent are wide- 
ly used to obtain elastomeric networks with 
structures expected to be as close as possi- 
bleto ideal. Samples can be obtained by the 
hydrosilylation reaction (i.e., the addition of 
a silyl function -SiH of precursor chains of 
hydride-terminated PDMS to an unsaturat- 
ed C=C bond of the cross-linking molecule 
[19] or the addition of vinyl functional poly- 
. mers to a SiH group of a tetrafunctional si- 
loxane [9]). In both cases, the hydrosilyla- 
tion reaction is catalyzed by a platinum 
complexe (i.e., platinum-divinyltetrameth- 
yldisiloxane). Alternatively, terminal silanol 
functional PDMS are able to condense to 



alkoxy systems (the most widely used being 
tetraethoxysilane orTEOS) under a tin com- 
pound catalyst. Nevertheless the reaction 
between hydroxyl-terminated PDMS and 
TEOS is difficult to control and, to be effi- 
cient, requires, as often reported in the lit- 
erature [20, 21], larger amounts of TEOS 
than the stochiometric equivalent. A typical 
synthesis started from OH-terminated pre- 
cursor chains is described below. 
Hydroxyl-terminated PDMS (Mw = 18000) 
supplied by Gelest is mixed for half an hour 
with TEOS, in excess of 50 %, and used here 
as the cross-linking agent. A small amount 
of stannous-2-ethyl-hexanoate used as 
catalyst, is then added to the mixture under 
magnetic stirringjust for 5 minutes to avoid 
cross-linking reaction during mixing. The 
reacting mixture is slowly cast into a Teflon 
mold and left a few minutes at room tem- 
perature then at 80 "C for one day for com- 
plete curing. The films are extracted with 
toluene for 72 hours to remove any unre- 
acted materials. The sol fractions are be- 
tween 4 and 5%. 

In the previous studies, PDMS networks 
were synthesized by using a stochiometric 
balance between ethoxy groups of the 
tetrafunctional alkoxysilane cross-linker 
and the hydroxyl chain ends of the hydroxyl- 
terminated PDMS precursor chains in order 
to get model networks characterized by 
constant junction functionality and known 
molecular weight between cross-links (close 
to the number-average molecular weight of 
precursor chains) [3-8]. In fact, networks 
prepared at stoichiometric conditions have 
an elastic modulus lower than that deduced 
from the molecular weight between cross- 
links and great soluble fraction (around 
10%). This may be due to the volatility of 
TEOS thus reducing the amount of cross- 
linker required for the alkoxy-functional 
condensation reaction. Much greater ratios 
of cross-linker functions to chain ends than 
that required by stoichiometry have already 
been used in the literature [20, 21] but in 



our case, we carried out a systematic study 
of the effect of excess of TEOS on the me- 
chanical properties of networks synthe- 
sized from OH-terminated chains. A 50% 
excess (and not higher values as already re- 
ported) are enough to ensure correct modu- 
lus and reasonable soluble fraction. 

Procedures for composite preparation 
Multiwall carbon nanotubes (MWNTs) were 
purchased from Nanocyl S.A, (Belgium). In 
this study, we have used the Nanocyl 7000 
series (purity ; 90%) produced via the cata- 
lytic carbon vapor deposition process with- 
out any further purification. Their average 
diameter and length are around 10 nm and 
1.5|.im respectively and their surface area 
between 250 and 300m^g^ 
Since PDMS is a fluid liquid before the cross- 
linking reaction, carbon nanotubes can be 
directly sonicated into the polymeric me- 
dium. Nevertheless, solution processing in 
a suitable solvent of the composites yields 
better nanotube de-aggregation and dis- 
persion. As already mentioned, a uniform 
and homogeneous dispersion is required for 
an optimal utilization of the nanotubes as 
efficient fillers. Different solvents have 
been tested and it appears that dispersing 
the nanotubes in isopropyl alcohol by ultra- 
sonication gives a stable dispersion one 
week after the preparation (Fig. 1). 
Nanocomposites were prepared using the 
following protocol: first the appropriate 
amount of MWNTs was dispersed into iso- 
propyl alcohol (O.lmg/ml) by sonicating 
the suspension for 30 mn using a Vibra-Cell 
vex 500 operating at 40% amplitude with 
on and off cycles respectively equal to 5 and 
1 seconds. Then the dispersion was added 
to PDMS and the system was mechanically 
mixed until total evaporation of the solvent. 
The cross-linking agent Is then introduced 
under magnetic stirring for around 20 min- 
utes and after addition of the catalyst and 
further mixing, the uncured mixture is 
poured into a manual applicator with 4 pre- 
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set film thicknesses (Fig.Za) It Ins to hp 
mentioned that the final mixture displays, 
with regard to the unfilled PDMS, a very 
strong increase in viscosity indicating inter- 
facial interactions between polymer chains 
and carbon nanotubes. Despite the increase 
in viscosity, strips of thickness around 
400ia:m are easily drawn across a glass 
plate recovered with a Teflon film and left 
at 80 °C for one night for complete curing 
(Fig.2b). 

Methods of characterization 
Measurements of mechanical properties 
and equilibrium swelling were carried out in 
the usual manner. 

Stress-strain measurements reported here 
were carried out by simply streching strips 
of 50 X 5 X 0.4 mm' between two clamps by 
means of a sequence of increasing weights 
attached to the lower clamp. The distance 
between two marks is measured with a 
cathetometer after allowing sufficient time 
(10 min after adding a weight) for equilibra- 
tion. 

To determine the equilibrium swelling of 
the vulcanizate, a sample of 
20 mm X 10 mm x 0.4 mm was put into cy- 
clohexane. After 72h at room temperature, 
the length and width of the sample were 
measured with a caliper square. The weight 
swelling ratio, Q, was determined from the 
lengths of the sample in the unswollen and 
swollen states. 

Differential scanning calorimetry measure- 
ments (DSC) were carried out on a TA DSC 
2820 instrument from room temperature to 
-1S0°C with a cooling rate of 1.5 °C/min un- 
der atmosphere. 

Electrical resistivity measurements were 
determined on samples of 10 x 20 x 0.4mm' 
by measuring their resistance on a high re- 
sistance meter (Keithley 6517A) between 
' two conductive rubber electrodes with an 
alternative voltage of 1 V. This alternative 



.('Itnge is needed to avoid a background 
current effect The measured resistances R 
were then converted into volu me resistivity 
p by using this equation: 



where S is the cross-sectional area perpen- 
dicular to the current and d the thickness of 
the sample between the two electrodes. 
Infrared spectra were obtained on a Tensor 
27 from Bruker equipped with a Golden 
Gate single reflection attenuated total re- 
flectance (ATR) system. ATR spectra were 
recorded with a resolution of 4cm'^ and an 
accumulation of 32 scans. 
The Raman spectra were recorded in the 
backscattering geometry on a Labram I 
(Jobin-Yvon, Horiba Croup, France) micro- 
spectrometer in conjunction with a confo- 
cal microscope. To avoid any thermal photo- 
chemical effect, we have used a minimum 
intensity laser power on sample of 370 p,W 
with the 514.5 nm incident line from an 
Ar-Kr laser from Spectra Physics. Detection 
was achieved with an air cooled CCD detec- 
tor and a 1800 grooves/mm, giving a spec- 
tral resolution of 4cm'. An acquisition time 
of 120s was used for each spectrum. The 
confocal aperture was adjusted to 200 ^m 
and a SOX objective of 0.75 numerical aper- 
ture was used. 

Results and discussion 
With regard to the unfilled matrix, signifi- 
cant increases in mechanical properties are 
observed upon addition of small amounts 
of AAWNTs (Fig.3). The elastic modulus of 
the unfilled network, found equal to 
0.136 MPa from the slope of the nominal 
stress against {a-a"^) is in perfect aggree- 
ment with the theoretical one (pRT/Mj cal- 
culated from the molecular weight between 
cross-links, Nl^. 



A great deal of theoretical work has been 
carried out in order to model the mechani- 
cal properties of rod-like particle reinforced 
composites. The Guth equation [22] based 
on the aspect ratio, f, and volume fraction, 
(|), of filler, predicts a strong increase in 
modulus at high volume fraction: 

E = E„ (1 0.67f (j) + 1.62f (t>^) (2) 
(E and Ej are the moduli of the composite 
and the unfilled elastomer, respectively). 
The Halpin-Tsai model [23] yields, for aligned 
fibre composites and in conditions where 
the modulus of the fiber, is much higher 
than that of the unfilled matrix (as in elas- 
tomeric composites): 

E = E„(l + 2fc^)/(l-c^) (3) 

The dependence of the experimental elastic 
modulus on the volume fraction of filler is 
much higher than that predicted by the two 
mechanical models using f=l50 from the 
dimensions of the individual nanotubes 
(Fig. 4). Filler-rubber interactions could ex- 
plain the large difference between the me- 
chanical models and the tensile behavior of 
our samples. 

CH-i; interactions were suggested to be in- 
volved between the -n-electron-rich surface 
of the carbon nanotube and the PDMS me- 
thyl groups [18]. This type of interactions 
widely discussed by Nishio [24] was mostly 
evidenced by infrared spectroscopy. These 
weak hydrogen bonds are expected to af- 
fect the vibrational frequencies of the me- 
thyl group modes. CH, asymmetric and 
symmetric stretching vibrations are respec- 
tively located at 2964 and 2905 cm * in the 
ATR-infrared spectrum of the unfilled PDMS 
while the CH3 bending vibrations appear at 
1412 and 1257 cm'\ These absorption bands 
do not suffer any shift in the ATR spectrum 
of PDMS with with carbon nanotubes 
(Fig. 5). A same conclusion can be drawn 
from the analysis of the Raman spectra 
where the bands associated with the 
stretching modes of the methyl groups are 
well-defined and more intense than in the 
ATR spectra (Fig. 6). The only change ob- 
served in the Raman spectra concerns the 
band located at 712 cm' for the unfilled 
material. This band which is assigned to the 
Si-C symmetric stretching [25, 26] is shifted 
at 709 ' in the Raman spectrum of the com- 
posite. At the present time, we do not know 
whether this particular vibration reflects a 
change in polymer conformation or not but 
if some interaction exists between the 
PDMS chain and the nanotube surface, it 
does not seem to affect the stretching and 
bending modes of the methyl groups. 
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'ci stress-strain curves for pure PDMS (formod from silanol 

terminated precursor cliains of mokculdr v^L-iglil ISOOO) and for 
PDMS/MWIMTs composites 
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D Experimental elastic modulus as a function of filler volume 
fraction and comparison with predictions of the Guth and 
Halpin-Tsai models 
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1 ; ' - B Raman spectra of unfilled and filled PDMS and pure carbon nano- 



B ATR spectra of iinfilled and filled PDMS 

Also reported in Figures is the Raman spec- 
trum of pure MWNTs which exhibits the 
typical D, C and C bands respectively lo- 
cated at 1351, 1587 and 2697 cm ^ These 
bands are shifted to 1354, 1592 and 
2700 cm'' in the PDMS/MWNTs composite. 
High-frequency shifts In Raman bands of 
carbon-based fillers have often been ob- 
served when carbon black particles or nano- 
tubes are incorporated into a polymer ma- 
trix [27, 28], 

The degree of adhesion between polymer 
chains and filler particles can be evaluated 
from equilibrium swelling of the compos- 



ites in good solvents. The extent of swelling 
at equilibrium is reduced in the case of ad- 
sorption of polymer chains on particle sur- 
faces and may be enhanced with non-ad- 
hering fillers due to a dewetting of the par- 
ticles and vacuole formation [29]. As seen in 
Fig. 7 for PDftAS/MWNTs composites, the 
equilibrium swelling ratio of the rubber 
phase in cyclohexane, Q,, decreases with In- 
creasing amount of carbon nanotubes, indi- 
cating a pronounced restiction in swelling 
in the filled samples. Such experiments are 
generally used to estimate the total cross- 
linking density and the polymer-filler at- 



tachments. Q, is equal to (Q-<|))/(l-<)>), 
where Q is the equilibrium swelling ratio of 
the composite (Q= V/V^, V being the vol- 
ume of the swollen sample and Vj that of 
the d ry sa mple) and <t) is the volume fraction 
of filler in the dry state. An alternative ex- 
planation to the swelling restriction would 
be to consider occluded rubber in addition 
to the actual volume occupied by the car- 
bon nanotubes. This interpretation is not 
unrealistic because during the composite 
processing, a certain amount of polymer 
could be entrapped inside the nanotube 
bundles: 
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□ Dependence of rub- 
ber phase swelling on 
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crystallization peaK 
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Fillers can modify the morphology of the 
matrix by acting as nucleating agents and 
promoting the crystallization process of the 
polymer or they may also lead to a decrease 
in crystallinity. Several reports indicate that 
the addition of carbon nanotubes enhances 
the degree of crystallinity of polymers such 
as polypropylene [30-32], nylon-6 [33] or 
poly(E-caprolactone) [34]. In a recent study 
of nanocomposites of high-density polyeth- 
ylene and carbon nanotubes, Trujillo et al. 
[35] report an increase in the crystallinity 
degree due to the nucleation effect of car- 
bon nanotubes on the polymer matrix and 
a strong reduction in crystallinity at higher 
CNT content (25 % CNT or more) due to con- 
finement effects of polymer chains at the 
interfaces. In PDMS/SiOj composites where 
strong interactions exist between the ma- 
trixand the fillers, the rateof crystallization 
has been shown to decrease with an in- 
crease in the filler content [9, 36, 37]. It is 
assumed that the polymer in the interfacial 
region does not crystallize and according to 
Aranguren [36], the curing process also re- 
stricts the ordering of the chains to form a 
crystal and thus the percentage of crystal- 
linity. In a recent study of Xu et al. [38] on 
the thermal properties of single walled car- 
bon nanotube (SWNTs)-silicone nanocom- 
posites, it is shown that the addition of na- 
notubes in the polymer seriously hinder the 
curing of the silicone elastomer and that 
the hindrance increases with increasing 
concentration of SWNTs and the quality of 
their dispersion in the matrix. It is claimed 
that the better the quality of dispersion, the 
more serious the retardation was. On the 
other hand, their cooling DSC data show 
that SWNTs significantly enhance the per- 
centage of the melt crystallisation of pure 
siliconeelastomer and better crystallinity is 
obtained for better dispersion of the nano- 
tubes in the polymer. The authors suggest 
that SWNTs behave in their systems as nu- 
cleation sites, which enhances the crystal- 
linity. Our results disagree with the above 
observations since a decreas.e in the tem- 
perature of crystallization is obtained as in 
high reinforcing silicas (Fig. 8). 
One of the major attribute of carbon nano- 
tubes is to provide electrical conduction at 
a lower filler loading than other carbon ma- 
terials. The electrical conduction process 
depends on several parameters such as 
processing techniques used to mix fillers 
with rubbers, filler content and filler charac- 
teristics such as particle size, structure as 
well as polymer-filler interactions which de- 
termine the state of dispersion. The resistiv- 
ity as a function of thefiller loadingdisplays 
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the typical insulator-conductor transition 
corresponding to the formation of a con- 
ductive path throughout the sample reach- 
ing the so-called percolation threshold 
(Fig. 9). It can be seen that this transition oc- 
curs at a filler loading of 0.05 phr which is 
very low with regard to previous results re- 
lated to hydrocarbon rubbers where it was 
shown that carbon nanotubes form the in- 
terconnectingfiller network between 2 and 
3 phr [28]. This large reduction in the amount 
of conductive inclusions is particularly valu- 
able for the elaboration of electrically con- 
ductive silicones in commercial applica- 
tions. 

Conclusion 

Significant changes in physical properties of 
silicone rubbers are observed by addition of 
carbon nanotubes at extremely low filler 
content. Although the nature of the inter- 
action between the nanotube surface and 
the polymer chains is not clearly under- 
stood, a noticeable Increase in mechanical 
properties is obtained even at a tiny loading 
of 0.05 vvt%. This filler content also corre- 
sponds to the formation of an electrically 
percolated network. 
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